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fRECEDlW  PAQE  BUNB.NOT  FIliOD 


I .  ABSTRACT 


The  objective  of  this  research  program  was  to  accomplish  fundamental 
Investigations  of  certain  colllslonal  excitation  and  ionization  processes 
which  are  relevant  to  highly  energetic  environments.  In  particular,  these 
studies  have  provided  chemical  dynamics  data  which  are  needed  in  understanding 
the  Ion  chemistry  of  the  upper  atmosphere  and  in  the  development  of  advanced 
technological  devices  of  Interest  to  the  Air  Force,  such  as  lasers.  Ion¬ 
scattering  apparatuses  were  utilized  to  investigate  the  kinetics,  dynamics 
and  energy  transfer  characteristics  of  selected  positive-  and  negative-ion 
neutral  reactions.  Thresholds  for  endothermic  electron  transfer  reactions 
involving  03,  N20,  C02,  and  other  atmospheric  molecules  were  determined,  and 
these  data  were  used  to  determine  electron  affinities  of  these  species. 

Similarly,  thresholds  for  collision-induced  dissociation  reactions  of  03~,  C03‘, 
N03\  and  other  atmospheric  negative  Ions  were  determined,  and  Ionic  bond 
dissccfation  energies,  heats  of  formation  and  electron  affinities  were  derived 
from  these  results.  Cross  sections  for  excitation  of  specific  internal 
energy  states  In  the  Ionic  and  neutral  products  of  selected  ion-neutral  processes 
were  determined  by  monitoring  the  radiation  emitted  upon  decay  of  the  excited 
species,  using  an  Ion  beam-fluorescence  apparatus.  Among  the  systems  examined 
were  He^/Xe,  He+/Kr,  He+/H2,  He+/Cl2,  He+/Br2,  and  He+/I2.  In  still  other 
experiments,  the  kinetics  of  attachment  of  low  energy  electrons  to  F2,  Cl2, 

Br2,  XeF2  and  NF3  were  Investigated  using  a  flowing  afterglow  apparatus.  In 
related  studies,  unique  high-pressure  negative  icn  sources  were  developed  for 
a  t '•  e-of-fl Ight  and  a  quadrupole  mass  spectrometer ,  and  these  instruments 
were  utilized  to  Investigate  negative  ion  chemical  ionization  reactions  of 
F"  with  a  wide  variety  of  organic  molecules. 
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II.  BACKGROUND  AND  SUMMARY  OF  RESEARCH  ACCOMPLISHED 


A.  Ion-Neutral  Reactions 


Some  of  the  major  research  accomplishments  of  this  program  are 
summarized  below. 

1 .  Endothermic  Negative  Ion  Processes 

Although  many  papers  dealing  with  the  kinetics  and  dynamics  of 
ion-neutral  collisions  have  appeared  in  the  literature,  in  the  past 
twenty  years  or  so,  relatively  few  of  the  studies  on  which  these 
were  based  have  dealt  with  endothermic  processes.  Endothermic 
processes  of  this  type  exhibit  energy  barriers,  and  their  excitation 
functions  therefore  show  energy  thresholds.  The  potential  energy 
surfaces  which  characterize  the  latter  reactions  are  clearly  different 
from  the  attractive  type  of  surface  which  is  typical  of  most  of  the 
exothermic  reactions  which  have  been  studied  by  beam  techniques  tnus 
far.  It  is  clear,  even  from  the  limited  studies  of  these  processes 
accomplished  thus  far,  that  the  utilization  of  ion  beam  techniques  to 
investigate  ion-neutral  reactions,  at  collision  energies  in  the  neighbor¬ 
hood  of  threshold,  can  provide  much  important  and  previously  unavail¬ 
able  information  with  respect  to  energy  barriers  to  reaction,  and  the 
effectiveness  of  reactant  translational  energy  in  surmounting  such 
barriers.  Such  data  is  of  fundamental  importance  to  theories  of 
chemical  kinetics  in  general,  since  many  interesting  chemical  reactions 
(particularly  those  of  neutral  species)  exhibit  activation  energies. 
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Prior  to  undertaking  the  work  accomplished  during  the  present 
AFOSR-supported  program,  there  had  been  reports  of  several  pioneering 

1-6  7-9 

investigations,  both  from  our  own  laboratory  and  from  others, 
in  which  heam-coll islon  chamber  apparatuses  had  been  used  to  deter¬ 
mine  excitation  functions  for  endothermic  negative  ion-neutral 
reactions.  Among  the  negative  ion  processes  examined  using  these 
methods  were  particle  transfer  and  electron  transfer  reactions.  The 
major  emphasis  in  most  of  the  latter  investigations  was  placed  on 
the  determination  of  energy  thresholds  for  various  endothermic 
negative  ion-neutral  reactions,  rather  than  on  the  microscopic 

mechanisms.  The  thresholds  are  of  particular  interest  because,  as 
2-6 

we  showed,  these  thresholds  can  be  used,  in  conjunction  with  other 
known  quantities,  to  derive  thermochemical  data  for  molecular 
negative  ions  which  are  of  great  interest,  such  as  electron  affinities, 
heats  of  formation,  and  bond  dissociation  energies.  The  data  of  this 
type  which  we  obtained  for  a  sizeable  number  of  molecular  species, 
using  such  techniques,  were  In  good  agreement  with  similar  data 

2-*( i o 

obtained  by  other  methods,  although  the  interpretation  of  data 

obtained  from  our  fixed-collector  beam  instrumentation  was  complicated 
by  the  lack  of  detailed  data  on  product  angular  and  velocity  dis¬ 
tributions.  There  was  also  the  requirement  that  energy  thresholds 
measured  with  the  lon-beam-col I  is  ion  chamber  apparatus  be  corrected 
for  the  Doppler  broadening  caused  by  the  thermal  motion  of  the  target 
gas  molecules.  Because  present  theoretical  knowledge  with  respect  to 
most  ion-molecule  reactions  Is  still  inadequate  to  specify  a  priori 
the  nature  of  the  true  threshold  functions,  trial  functions  were 
generally  assumed  and  these  were  convoluted  with  the  calculated 
energy  distribution  function,  and  then  compared  with  or  fit  to  the 
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experimental  data.  The  uniqueness  of  this  fitting  procedure  was 
d.fflcult  to  demonstrate  and  generally  resulted  in  increasing  the 
error  limits  on  the  derived  thresholds.  Still,  these  experiments 
yielded  highly  useful  electron  affinity  data,  on  a  variety  of 
molecular  species,  at  a  time  when  such  data  was  generally  unavailable. 
It  Is  noteworthy  that  one  of  the  papers  from  our  laboratory  which  was 
published  during  this  earlier  period  has  recently  been  reprinted  in  a 
collection  entitled  "Benchmark  Papers  in  Physical  Chemistry,  lon- 
Molecule  Reactions,  Part  I,  Kinetics  and  Dynamics." 


In  the  present  research  program,  studies  of  the  threshold 

behavior  for  endothermic  ion-neutral  collisions  have  been  extended,  but 

emphasis  has  been  placed  on  collision-induced  dissociation  reactions 

of  selected  negative  ions.  Collision-induced  dissociation  processes 

were  chosen  because  a  theoretical  description  of  the  threshold 

function  for  such  processes  was  developed  and  reported  just  prior  to 

1  z 

the  initiation  of  our  AFOSR  program.  Thus,  in  deconvolutina  the 
experimentally  measured  excitation  functions  for  these  reactions,  it 
would  no  longer  be  necessary  to  assume  the  form  of  the  threshold 
function  and  employ  a  "trial  and  error"  fitting  procedure.  The  small 
inorganic  ions  selected  for  study  in  this  proaram  (0 3~ ,  C03", 

N0,*f  cor,  N20”,  and  others)  were  chosen  primarily  becasue  of  wide¬ 
spread  scientific  Interest  In  their  thermochemical  properties, 
especially  electron  affinities  and  bond  dissociation  energies,  and 
because  of  the  relevance  of  this  information  to  the  formulation  of 
accurate  negative  ion  reaction  schemes  for  the  upper  atmosphere. 


Results  of  the  negative  ion  studies  just  mentioned  have  been 


documented  In  several  publications  and  presentations  which  are 
listed  in  a  later  section  of  this  report.  This  research  has 
yielded  electron  affinities,  bond  dissociation  energies  and  heats 

13-17 

of  formation  for  various  negative  ion  and  neutral  species. 

In  several  instances  where  subsequent  determinations,  using  other 
still  more  accurate  techniques,  provided  analogous  data  on  these 
species,  the  agreement  with  our  ion-beam  threshold  data  was  excellent. 

1  5 

This  is  true,  for  example,  in  the  case  of  ozone,  for  which  the 
electron  affinity  was  later  determined  using  laser  photodetachment 

1  3 

methods.  Another  highly  significant  result  of  the  ion-beam 
experiments  conducted  in  this  program  was  the  detection  of  excited 
states  of  03  ,  CC3~  and  N03  ,  and  the  determination  of  thermochemical 
data  for  the  excited  species.  These  were  the  first  reoorts  of  such  ex¬ 
cited  states,  although  the  observation  of  a  C03~  state  was  subsequently 

1  9 

confirmed  by  the  photodissociation  experiments  of  Vestal  et  al . 

1  3 

These  excited  states  were  not  apparent  in  other  photodetachment 

20 

and  photodissociation  experiments,  and  are  still  the  subjects  of 
considerable  controversy.  The  existence  of  long-lived  state;  of 
these  negative  ions,  and  the  possibility  that  there  may  be  struc¬ 
turally  different  Isomeric  forms  of  these,  has  important  consequences 
for  atmospheric  negative  ion  schemes.  The  Involvement  of  excited 
negative  Ion  species  has  not  previously  been  considered. 

Concurrent  with  the  refinement  in  our  laboratory  of  the  ion- 
beam  techniques  described  above,  other  new  experimental  methods  have 
been  developed  and  applied  for  determining  molecular  electron 
affinities  and  negative  ion  bond  dissociation  energies.  The  newer 
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techniques  applicable  for  such  purposes,  including  laser  photo- 
detachment  and  photodissociation  spectroscopy, ion-beam  threshold 
measurements,  chemical -bracketing  techniques  based  on  observation  of 
the  production  or  reaction  of  a  given  negative  ion,  and  theoretical 
methods  for  calculating  negative  ion  properties,  were  recently 
reviewed  at  a  "Symposium  on  Electron  Affinities  and  Negative  Ion 
Stabilities,"  at  the  Tenth  Annual  Meeting  of  the  Division  of 
Electron  and  Atomic  Physics  (DEAP)  of  the  American  Physical 

211-24 

Society.  The  important  role  of  the  ion-beam  techniques  for 
such  applications  was  evident  from  the  discussions  at  this  conference. 

Comparison  of  the  experimental  excitation  functions  for 

endothermic  reactions,  such  as  those  obtained  In  the  present  program, 

12 

with  the  theoretical  predictions  of  Reblck  and  Levine  also 
reveals  some  important  details  of  the  collision  process.  For  example, 
the  theoretical  model  yields  a  threshold  function  of  the  form, 

ct  =  A(E-Eo)n/E  (1) 

and  the  magnitude  of  the  values  of  A  and  n  which  are  required  to 

obtain  a  calculated  excitation  function  which  "fits"  the  experimentally 

measured  function  are  significant.  It  was  observed  in  our  studies. 

as  expected,  that  the  CID  thresholds  for  excited  species,  such  as 
_  ★ 

Oj  ,  are  lower  than  for  the  corresponding  ground  state  ion.  In 

addition,  the  A  factor  is  higher  for  the  former  threshold.  This  Is 

consistent  with  the  conclusion  from  studies  of  collision-induced 

ion-pair  formation  in  neutral -neutral  Interactions  by  other  investl- 
2  s 

^ators,  which  showed  that  the  A  factor  increased  with  increasing 
internal  energy  of  the  reactants.  Other  observations  relatina  to 
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the  03“*  CID  reaction  led  to  the  conclusion  that  the  internal 

energy  was  probably  In  the  form  of  vibrational  excitation.  The 

values  of  the  n  factor  which  were  indicated  for  the  03"  CID 

reactions  from  the  present  studies  were  in  the  range  which  the 

1  2 

theoretical  model  predicted  for  so-called  "direct1  reactions. 

Exothermic  Reactions  of  Negative  Ions  Which  Exhibit  Small  Rate 
Coefficients 


Most  exothermic  Ion-neutral  reactions  which  have  been  studied 
occur  at  essentially  every  collision  (typical  rate  coefficients  are 

9  3 

10“  cm  /molecule  sec),  and  exhibit  decreasing  cross  sections  with 
increasing  translational  energy  of  the  reactants.  However,  some 
reactions  of  this  type,  In  particular,  proton  transfer  processes 
Involving  certain  negative  ions  (D~,  NH2’  and  larger  organic  Ions 
such  as  CH2CHCH2”)  have  been  found  to  be  very  slow.  In  the  present 
program,  the  excitation  functions  of  these  and  other  similar  reactions 
were  determined,  and  energy  thresholds  were  observed  for  these  pro¬ 
cesses.  The  temperature  dependence  of  these  thresholds  was  also 
determined  over  a  limited  range.  It  was  demonstrated  that  the 
deconvoluted  excitation  function  for  the  ND2~/D2  reaction  Is  of  the 

i  / 

form  o  x  (Efei -Eo)  Z/Epel ,  as  req  >d  by  theory,  and  that  the 
measured  translational  energy  threshold  corresponds  to  the  Arrhenius 
activation  energy  for  this  process.  Relatively  few  measurements  of 
such  activation  barriers  for  ion-neutral  reactions  have  been  reported. 

The  excitation  functions  observed  for  reactions  of  delocalized 
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enolate  anions  are  of  special  interest  because  they  reflect  a 

complex  dependence  upon  energy.  These  excitation  functions  do  not 

exhibit  translational  energy  thresholds,  but  show  an  initially 

decreasing  cross  section  with  Increasing  translational  energy, 

followed  by  a  sudden  rise  in  the  cross  section,  attaining  a  maximum 

and  then  again  decaying.  The  effect  of  Increasing  the  temperature  of 

the  reactants  Is  to  shift  the  translational  energy  at  which  the 

increase  In  the  cross  section  begins.  This  is  consistent  with  a 
26 

model  which  predicts  that  there  are  energy  barriers  in  the  potential 
surfaces  which  govern  these  reactions,  but  that  the  height  of  these 
barriers  Is  lower  than  the  potential  energies  of  either  the  separated 
reactants  or  products.  This  barrier  corresponds  to  the  symmetrical 
transition  state  for  proton  transfer,  the  reaction  proceeding  via  a 
three-step  mechanism  involving  the  formation  of  a  nonsymmetrlcal 
Intermediate,  [AH— B]“,  which  lies  in  a  potential  well  with  respect 
to  the  reactants,  (AH  +  B"),  as  well  as  with  respect  to  the  transition 
state,  (A— H — 8)'.  According  to  this  model.  It  is  the  competition 
between  two  unlmolecular  decompositions  of  the  Intermediate,  the  back 
reaction  forming  (AH  +  B")  via  a  simple  bond  cleavage,  and  the  forward 
rearrangement  reaction,  producing  the  symmetrical  transition  state, 
which  determines  the  overall  blmolecular  rate  coefficient  at  thermal 
energies.  This  model  Is  well  supported  by  the  present  results.  We 
observe  that  the  rate  coefficient  and  Its  variation  with  translational 
energy  are  s'rongly  dependent  on  the  collision  chamber  temperature.  At 
low  translational  energies,  it  Is  seen  that  an  Increase  In  the  collision 
chamber  temperature  decreases  the  overall  rate  coefficient.  A  similar 
effect  has  been  observed  in  certain  hydride  ion  transfer  reactions  of 

2  7 

large  polyatomic  positive  ions. 


Increasing  the  collision  chamber 


temperature  results  In  an  increase  in  the  internal  energy  of  the 

neutral  reactant,  and  In  turn,  the  internal  energy  of  the  Inter- 
★ 

mediate,  E  ,  is  Increased.  The  larger  internal  energy  of  the 
intermediate  favors  the  unlmolecular  channel  having  a  high  activation 
energy  and  a  high  entropy  factor,  that  is,  the  simple  bond  cleavage, 
which  corresponds  to  the  back  reaction  yielding  the  original  re¬ 
actants.  An  Increase  In  the  cross  section  with  Increasing  trans¬ 
lational  energy  is  observed  at  energies  greater  than  M.5  eV  in  the 
laboratory  system.  This  may  reflect  a  change  in  the  mechanism  of 
the  reaction,  resulting  from  the  fact  that  the  long-lived  Inter¬ 
mediate  can  no  longer  be  formed  at  the  higher  interaction  energies. 

It  is  well  known  that  the  mechanism  of  an  Ion-neutral  reaction  can 
change  from  one  Involving  formation  of  a  persistent  Intermediate 
complex  to  a  direct  mechanism  as  the  collision  energy  is  Increased. 

The  lifetime  of  such  an  intermediate  collision  complex  decreases  with 

★ 

Increasing  Internal  energy  E  ,  and  in  turn  the  Internal  energy  in¬ 
creases  as  the  relative  energy  of  the  reactants  is  Increased.  When 
the  Interaction  energy  Increases  to  the  point  that  the  Intermediate 
is  no  longer  formed,  back  reaction  to  give  reactants  can  no  longer 
compete  effectively  with  the  forward  reaction,  and  an  increase  in 
the  cross  section  'and  of  k)  with  Increasing  energy  Is  then  observed. 
This  rationale  ^s  further  supported  by  the  fact  that  the  point  of 
onset  of  the  rising  portion  of  the  plot  of  k  as  a  function  of  Ion 
energy  shifts  to  lower  relative  energies  as  the  temperature  is 
Increases.  This  demonstrates  the  equivalent  role  of  Internal  and 
relative  translational  energy  in  reducing  the  lifetime  of  the  inter¬ 
mediate  complex.  The  second  decrease  in  the  cross  section  at  still 


9 


higher  energies  is  consistent  with  the  behavior  of  many  ion- 
molecule  reactions  at  higher  energies  and  presumably  simply  reflects 
a  decrease  in  the  collision  cross  section. 

3.  Luminescence  from  Ion-Neutral  Collisions 

A  convenient  method  for  assessing  the  role  of  internal  energy 
in  Ion-neutral  collisions  involves  the  observation  of  luminescence 
which  results  from  the  radiative  decay  of  Internally  excited  pro¬ 
ducts  formed  In  these  events.  Prior  to  the  pioneering  observations 

2  8 

of  Tolk  and  coworkers  in  1965,  It  was  generally  assumed  that  the 
cross  sections  for  radiative  emissions  from  excited  Ion-neutral 
products  would  be  too  small  to  measure  experimentally.  In  fact,  for 
at  least  some  reactions  of  this  type,  these  cross  sections  proved  to 
be  quite  larqe,  and  It  has  been  realized  in  the  past  3-5  years  that 

such  mechanisms  may  actually  efficiently  pump  certain  laser  systems. 

2  8 

Subsequent  to  the  work  of  Tolk  et  al ,  more  sophisticated  experi¬ 
mental  devices  for  measuring  luminescence  from  Ion-neutral  processes 
were  constructed  In  a  few  laboratories,  including  our  own.  At  the 
outset  of  the  present  program,  development  of  this  apparatus  was  just 
being  completed.  During  the  course  of  the  AFOSR-supported  project, 
the  apparatus  was  brought  to  the  fully  operational  stage  and  several 
reaction  systems  were  Investigated  in  some  detail.  Most  of  the 
emphasis  in  this  work  has  been  on  relatively  low  energy  collisions 
of  He+  and  other  rare  gas  ions  with  rare  gas  and  halogen  (Cl  2,  Br2, 

1 2 »  F2)  targets.  Reactions  of  some  dimeric  species  such  as  He2+, 
have  also  been  examined.  As  documented  in  several  publications,  this 
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work  has  revealed  that  the  emission  spectra  resulting  from 
many  of  these  reactions  are  extremely  complex  and  consist  of  many 
lines.  Moreover,  the  cross  section  for  radiative  state  production 
in  some  of  these  reactions  is  quite  large  in  comparison  to  the 
cross  section  for  total  charge  transfer.  These  experiments  have 
also  revealed  important  details  with  respect  to  the  Internal  energy 
distribution  of  rare  gas  product  Ions.  Another  Important  outcome 
of  this  work  Is  the  determination  of  relative  transition  probabilities 
from  individual  excited  levels  to  lower  energy  states.  These  are 
obtained  here  under  conditions  which  minimize  external  perturbations, 
and  some  differences  have  been  observed  between  our  results  and 
analogous  transition  probabilities  derived  from  discharges  (where 
there  are  substantial  electric  field  perturbations).  These  results 
suggest  the  need  to  reevaluate  many  atomic  transition  probabilities 
obtained  from  other  more  conventional  optical  experiments.  The 
experimental  capability  established  under  this  program  Is  expected 
to  find  extensive  use  in  future  studies  of  this  type. 

Crossed  Ion-Molecular  Beam  Experiments 

Prior  to  the  Initiation  of  the  present  research  program, 
development  of  a  crossed  ion-molecular  beam  apparatus  had  been 
Initiated  In  our  laboratory.  This  apparatus  was  designed  to  yield 
Information  on  the  angular  distributions,  as  well  as  on  the  masses 
and  kinetic  energies  of  the  Ionic  products  of  low  energy  (down  to 
^0.5  eV,  lab)  Ion-neutral  reactions.  Clearly,  such  an  apparatus 
would  markedly  expand  our  capabilities  to  investigate  in  detail  the 
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dynamics  of  these  processes,  and  would  complement  our  older 
tandem  mass  spectrometer,  which  utilizes  a  collision  chamber,  and 
which  does  not  provide  angular  or  energy  distribution  data  on  the 
product  ions.  Soon  after  the  AFOSR-supported  project  began,  con¬ 
struction  of  the  apparatus  was  completed  to  the  point  of  preliminary 
test  and  evaluation.  Several  exothermic  ion-molecule  reactions 
having  large  cross  sections  were  examined  (Ar+/D2,  Ar+/H2,  and  others) 
and  the  scattering  data  obtained  compared  favorably  to  that  reported 
earlier  from  other  laboratories.  It  was  Intended,  however,  that  the 
major  focus  of  the  experiments  using  the  crossed  ion-molecular  beam 
apparatus  would  be  on  endothermic  processes  (charge  transfer  and 
collision-induced  dissociation),  and  especially  on  the  examination 
of  these  in  the  threshold  energy  regime.  However,  attempts  to  study 
several  such  endothermic  processes  (I"/02,  02“/Ar  and  others)  using 
the  apparatus  Indicated  that  under  the  conditions  employed,  reactions 
of  this  type,  which  exhibit  very  small  cross  sections,  could  not  be 
observed  In  the  translational  energy  region  near  threshold.  This 
was  attributable  largely  to  the  fact  that  the  capillary  array  molecular 
beam  source  employed  In  the  apparatus  did  not  produce  molecular  beam 
densities  of  the  magnitude  anticipated  from  the  design  estimates. 
Consequently,  It  was  decided  to  replace  the  capillary  array  with 
a  nozzle  beam  source.  This  was  a  major  modification  affecting  numerous 
other  Instrument  systems,  A  nozzle  beam  assembly  was  designed  and 
construction  was  undertaken  In  our  machine  shops.  The  nozzle  and  the 
associated  skimmer  and  colli  rating  slits  were  fabricated.  Also 
constructed  was  a  mechanical  assembly  to  permit  variation  of  the 
nozzle-to-s klmmer  distance  during  operation,  (that  is,  adjustment  is 
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possible  by  controls  positioned  outside  of  the  vacuum  chamber). 

A  beam  chopper  assembly  having  a  variable  chopping  frequency  from 
1  to  60  cycles/sec  was  fabricated  and  Installed.  Additional  Ion¬ 
ization  gauges  were  installed  to  measure  the  molecular  beam  density 
produced  by  the  nozzle.  Because  of  the  markedly  larger  volume  of 
gas  Issuing  from  the  nozzle  beam  source  (as  compared  to  the  original 
capillary  array)  It  was  necessary  to  incorporate  additional  pumping 
capacity  into  the  apparatus  In  order  to  maintain  a  sufficiently  low 
pressure  In  the  main  vacuum  housing  and  the  collision  region. 
Accordingly,  the  main  cylindrical  vacuum  tank  was  modified  and 
additional  ports  with  flanges  were  added.  One  6  In.  diffusion  pump 
and  two  smaller  2  In.  pumps  were  added  to  provide  additional  pumprn-: 
for  the  main  vacuum  chamber  and  for  the  se  era!  sections  of  the 
nozzle  beam  source  (which  are  separately  r  iped).  At  this  tlmu, 
extensive  improvements  were  also  made  to  the  electrical  dlstrlbu  ion 
system  and  the  controlling  electronic  circuitry  of  the  apparatus.  A 
new  servo  system  was  Installed  to  drive  the  rotating  platform  which 
holds  the  energy  analyzer  and  the  quadrupole  n  ,$s  filter.  A 
potentiometer  counled  directly  to  the  servo  drive  shaft  was  Installed 
so  that  the  angular  position  of  the  platform  could  be  precisely 
determined  and  controlled  to  less  than  0.1  degree.  This  system  was 
then  calibrated.  Finally,  a  new  projectile  Ion  beam  monitor  was 
fabricated  and  Installed,  with  provision  for  external  positioning. 

At  the  time  of  completion  of  the  present  contract,  the  extensively 
modified  crossed  Ion-molecular  beam  apparatus  was  completely  assembled 
and  operational.  Preliminary  tests  Indicated  that  the  molecular 
beam  densities  attainable  with  the  new  nozzle  beam  source  are  an  order 
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of  magnitude  or  more  larger  than  were  obtained  previously.  The 
projectile  ion  beam  currents  which  can  be  realized  have  also  been 
significantly  enhanced,  and  much  greater  beam  stability  has  been 
achieved.  Studies  are  now  in  progress  to  assess  the  capabilities 
of  the  new  apparatus  for  investigating  the  dynamics  of  selected 
col  1 1 slonal  dissociation  processes  In  the  threshold  energy  region, 
and  the  indications  are  highly  favorable  for  such  experiments  at 
this  time.  AFOSR  support  of  this  program  has  therefore  resulted  in 
completion  of  a  major  new  scattering  apparatus  which  should  permit 
Investigation  of  endothermic  Ion-neutral  reaction  dynamics  at  lower 
...si atlonal  energies  than  have  previously  been  accessible. 

B.  Electron-Molecule  Reactions 

At  the  outset  of  the  present  program,  there  was  a  paucity  of  data 
in  the  literature  relating  to  the  kinetics  of  reactions  of  low-energy 
electrons  (near-thermal)  with  halogenated  molecules,  and  no  data  at  all 
was  available  for  fluorine.  Such  data  Is  of  considerable  Importance 
In  developing  hybrid  laser  devices,  because  processes  of  this  type  are 
potentially  applicable  for  producing  a  uniform  distribution  of  reacting 
chemical  species  in  a  laser  cavity  (for  example,  F  atoms  In  the  HF 
chemical  laser  using  electron-beam  initiation).  Electron  attachment  data 
for  relevant  molecules  such  as  F2  was  critically  needed  for  reliable 
modeling  of  such  laser  systems. 

In  the  course  of  the  present  AFOSR  contract,  development  of  a  flowing 
afterglow  apparatus  was  completed,  and  this  facility  was  employed  to 
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accomplish  the  first  measurement  of  the  rate  coefficient  for  dissociative 
electron  attachment  to  fluorine.  Other  halogenated  molecules.  Including 
XeF2  and  NF3,  were  also  investigated.  The  attachment  rate  coefficient 

_  S  3 

for  F2  was  found  to  be  quite  large,  3.1  +  1.2  x  10~  cm  /molecule  sec, 

0 

at  an  electron  temperature  of  350  K,  indicating  that  this  process  is  a 
good  source  of  F  atoms  for  possible  laser  applications.  The  thermal 
energy  electron  attachment  kinetic  data  for  F2  derived  in  our  laboratory 
was  subsequently  shown  to  be  consistent  with  electron  attachment  data 

29 

measured  more  recently  at  higher  energies  by  Nygaard  et  al .  Our  results 
for  F2  are  somewhat  at  variance  with  the  still  more  recent  data  of 

3  C 

Chantry  ,  but  other  newer  work  suggests  that  the  electron  energy  dis¬ 
tribution  in  all  such  experiments  is  highly  sensitive  to  the  fluorine 

3  1 

concentration.  The  latter  factor  may  account  for  some  of  the  observed 
Inconsistencies.  Obviously,  this  is  still  an  area  of  continuing  research 
activity  and  there  Is  much  scientific  Interest  in  data  bearing  on  low 
energy  electron  attachment  to  halogens  and  halogenated  molecules. 


The  results  described  above  and  similar  data  for  XeF2  and  NF 9 
have  all  been  published,  and  reprints  of  these  papers  are  attached.  This 
work  and  these  results  were  closely  coordinated  with  scientists  at  the 
Air  Force  Weapons  Laboratory,  who  Initially  prompted  some  of  these  studies, 


C.  Negative  Ion-Chemical  Ionization  Studies 


One  of  the  objectives  of  the  present  research  program  was  to 
establish  the  capability  for  conducting  negative-ion  chemical  - 1  on  1 zatlon 
experiments.  This  was  successfully  realized  by  completion  of  a  unique 


15 


high  pressure  Ion  source  and  other  Instrument  adaptations  for  Tlme-of- 
Fllght  mass  spectrometer.  In  addition,  a  negative-ion  chemical-ioni¬ 
zation  source  was  designed  and  fabricated  for  another  quadrupole  mass 
spectrometer  In  our  laboratory.  Using  these  instruments,  an  extensive 
Investigation  was  accomplished  of  the  utility  of  F"  as  a  reagent  ion 
for  the  production  of  negative-ion  chemical-ionization  (NICI)  mass 
spectra  of  various  organic  compounds.  NF3  was  used  as  the  reagent  gas 
in  this  Instance  since  It.  Is  a  very  clean  source  of  F~.  A  systematic 
study  of  the  reactions  of  F*  with  a  series  of  carboxylic  acids,  ketones, 
aldehydes,  esters,  alcohols,  phenols,  halides,  nitrites,  substituted 
benzenes,  ethers,  amines  and  hydrocarbons  was  conducted.  The  F”  reagent 
Ion  was  shown  to  be  useful  for  generating  NICI  spectra  from  a  broad  range 
of  organic  compound  types.  This  work  has  been  described  In  a  paper 
currently  In  press  (see  attachments)  and  was  presented  at  a  Symposium  on 
Negative  Ion  Chemical  Ionization  Mass  Spectrometry.  The  capability 
established  under  this  contract  will  be  exploited  to  study  reactions  of 
other  novel  NICI  reagent  Ions  which  have  not  yet  been  Investigated. 

III.  RELEVANCE  OF  RESEARCH  ACCOMPLISHED  TO  THE  AIR  FORCE 

The  research  accomplished  under  the  present  contract  was  concerned  with 
a  somewhat  broader  array  of  topics  than  Is  perhaps  usual  in  such  programs. 

All  of  the  "colllslonal  excitation  and  Ionization"  processes  Investigated 
here  however,  are  highly  relevant  to  Air  Force  Interests.  Significant  new 
fundamental  data  has  been  obtained  with  respect  to  the  reactions  and  energy 
states  of  simple  negative  Ions  such  as  Oj’,  COj"  and  NO)’,  which  are  of  major 
Importance  In  upper  atmospheric  reaction  schemes  and  models,  and  therefore 
bear  directly  on  Air  Force  communication  and  detection  and  surveillance 
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requirements.  More  generally,  the  utility  of  ion  beam  threshold  techniques, 
originally  developed  in  our  laboratory,  in  deriving  thermochemical  data  for 
such  negative  ions  has  been  firmly  established,  and  all  these  methods  can 
be  applied  to  many  other  species  of  interest. 

In  a  similar  vein,  new  experimental  capabilities  developed  in  the  course 
of  this  program  ,  such  as  the  crossed  ion-molecular  beam  apparatus  and  the 
negative-ion  chemical  ionization  mass  spectrometric  instruments  are  expected 
to  have  important  future  applications  in  the  solution  of  fundamental  problems 
of  interest  to  the  Air  Force.  In  the  e  of  the  former  apparatus,  sig¬ 
nificant  new  data  relative  to  fundamental  reaction  dynamics  can  be  expected. 
This  apparatus  Is  expected  to  permit  the  first  studies  of  the  dynamics  of 
endothermic  Ion-neutral  reactions,  which  should  be  the  most  informative 
from  the  standpoint  of  understanding  energy  barriers  to  reaction  and  other 
features  of  the  potential  surfaces  on  which  these  reactions  occur.  These 
data,  in  turn,  will  provide  tests  and  comparisons  for  theoretical  computations 
of  potential  energy  surfaces  and  will  accelerate  the  development  of  reliable 
theoretical  predictive  capabilities. 

Finally,  the  electron  attachment  data  derived  in  this  program  have  a 
significant  bearing  on  hybrid  laser  development  and  modeling,  as  already  noted; 
and  should  therefore  have  been  of  considerable  Interest  to  the  Air  Force. 

The  continuing  development  of  hlqh-technology  Air  Force  weapons  depends 
critically  on  the  status  of  fundamental  scientific  knowledge  such  as  that 
described  herein.  Hopefully,  this  program  has  contributed  to  this  important 
objective. 
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30 


Molecular  Spectroscopy,  The  Ohio  State  University,  Columbus,  Ohio, 

June  16,  1976. 

"Thermochemical  Data  for  Molecular  Negative  Ions  from  Colllsional- 
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Invited  presentation  at  the  Air  Force  Office  of  Scientific  Research 
Contractors  Meeting  on  Laser  Research,  Kirtland  Air  Force  Base,  New 
Mexico,  May  16,  1977. 
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the  Symposium  on  Negative  Ion  Mass  Spectrometry,  26th  Annual  Conference 
on  Mass  Spectrometry  and  Allied  Topics,  St.  Louis,  Missouri,  May  31,  1978. 

"Joint  Theoretical  and  Experimental  Studies  of  HeH2+  Potential  Energy 
Surfaces  for  He+  +  H2  Reactions,"  D.  G.  Hopper,  E.  G.  Jones,  R.  L.  C. 
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AHS1RAC1 

The  formation  of  the  dimer  cation  (C^HJC  in  gaseous  benzene  has  been 
investigated.  Two  distinct  dimer  species  formed  by  different  mechanisms  are  in¬ 
dicated.  The  ground  state  dimer  cation  is  shown  to  be  formed  by  a  fourth  order 
process  involving  the  enntnd  electronic  state  C'0H,,*  ion  as  precursor.  In  addition, 
evidence  is  presented  for  an  excited  dimer  cation  formed  bimolcculurly  by  reaction 
of  CUH0  +  *  ions  having  an  energy  of  3.5  ±  0.5  cV  above  the  ground  state.  It  is 
suggested  that  the  ground  state  dimer  is  in  a  sandwich  configuration  and  the  excited 
species  has  the  form  of  a  I -substituted  benzene. 


INTRODVCl  ION 

Dimers  of  aromatic  systems  arc  of  basic  interest  because  of  the  interactions 
of  the  a  electronic  systems  m.  Fxctincr  lluorcsecncc  [2]  observable  in  many  ato- 
matic  systems  has  provided  a  method  of  studying  neutrai  dimers  (excimers).  How¬ 
ever,  much  less  information  concerning  aromatic  dimer  cations  is  available. 

fr,  several  of  the  early  gas  phase  ionic  studies  of  benzene  [3--S],  there  was  dis¬ 
agreement  a>  to  the  relative  importance  of  the  dimerization  process.  More  recently, 
Field  cl  al.  [9]  and  Tiernan  and  HhaUacharya  [10]  have  shown  that  the  tempera¬ 
ture  of  the  ion-source  plays  the  dominant  role  in  determining  the  relative  impor¬ 
tance  of  the  dimer  cation.  Field  ct  al.  proposed  that  an  equilibrium  is  established 
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CtH,*+C6H6S5(C.H6),*  (I) 

and  from  van  't  Hoff  plots  derived  an  enthalpy  change  of  -15  kcal  tnol'1.  In 
subsequent  experiments,  Wcxlcr  and  I'obo  [11]  have  obtained  an  enthalpy  change 
of  —  10  kcal  mol' ’.  They  have  also  proposed  a  mechanism  of  dimer  formation  via 
a  fourth  order  process,  third  order  in  benzene  and  first  order  in  primary  C<,H,,+  ion 
abundance.  The  latter  mechanism  was  supported  by  studies  in  our  laboratory  in 
which  it  was  found  that  charge-transfer  is  the  dominant  reaction  of  C6H0*  ions 
with  benzene. 

Friedman  and  Reuben  [12]  brought  attention  to  the  difficulties  in  resolving 
the  early  data;  this  prompted  further  studies  [la,  14],  Using  electron  impact  Stock- 
dale  [13]  observed  bimolecukir  formation  of  the  dimer  cation.  Chupka  [14]  used 
photoionizaliontoformC^Ilt,'  ions  in  the  ground  electronic  and  vibrational  levels. 
He  found  dintcr  cation  formation  only  after  collisional  stabilization.  Similar  results 
were  obtained  by  Anicich  and  Rowers  [15].  The  present  report  concerns  data  ob¬ 
tained  as  a  continuation  of  the  experiments  ofTiernatt  and  Dhaltacharva  [10]  in 
an  effort  to  understand  better  the  factors  controlling  the  dimerization  process. 

EXPERIMENTAL 

Studies  of  the  equilibrium  between  C0H4 4  and  (C„ll0)2  4  ions  were  made  at 
relatively  high  pressures  in  a  single-source,  modified  nme-of-fiight  instrument 
described  previously  [lb].  Ionizing  voltages  of  100  V  were  used  and  source  temper¬ 
atures,  which  were  varied  over  the  range  from  300  to  500  K,  were  monitored 
with  an  iron-consiantan  thermocouple  attached  to  the  ion-source  block.  All  other 
instrumental  conditions  were  essentially  as  given  in  the  detailed  description  of 
the  instrument  and  operating  techniques  [16]. 

Other  data  relevant  to  the  identification  of  the  reaction  sequences  were  ob¬ 
tained  using  the  ARL  modern  mass  spectrometer  [17,  18].  For  these  experiments 
the  collision  chamber  pressure  was  varied  over  the  range  from  I  to  60  mtorr  at 
temperatures  from  300  to  500  K. 

Reagents  used  in  these  experiments  were  research  grade  chemicals  which 
were  checked  for  purity  by  gas  chromatographic-mass  spcciroiuelrie  analysis. 
Dcuterated  reagents  were  obtained  from  Merck,  Sharp  and  Dohme.  Ltd.  of  Can¬ 
ada.  For  experiments  involving  bcnzcnc-d.,  and  benzene-d,,,  appropriate  correc¬ 
tions  were  made  to  the  obwrveJ  product  intensities  m  account  for  isotopic  im¬ 
purities. 

RESULTS  AND  DISCUSSION 

Pressure  mill  temperature  similes  in  the  twnhm  mass  spectrometer 

To  select  reactant  ions  unambiguously  and  to  follow  the  individual  teac- 
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lion  steps,  the  ARL  tandem  mass  spectrometer  was  used  in  conjunction  with  iso¬ 
topic  labelling.  The  predominant  channel  for  reaction  of  C„H64  ions  with  benzene 
is  charge-transfer  a-,  represented  by  the  labelled  reaction  (2). 

C6H4*+C,D6-.  C6H6  +  C6D6+  (2) 

At  a  collision  chamber  temperature  of  300  K.  the  ionic  products  of  condensation 
reactions  comprise  less  than  2  of  the  charge-transfer  product.  A  value  of  4.K  • 
10" 10  cm5  molcc' 1  s~  1  was  measured  for  the  rale  coefficient  of  tcaclion  (2)  (19]. 

The  pressure  dependence  of  the  bimolecular  products  is  shown  in  Figs.  I 
and  2.  The  bimolccularity  is  indicated  by  the  initial  linear  rise.  Deviations  from 
linearity  above  20  mtorr  arise  from  further  reactions  with  benzene-d,,  and  from  ion 
scattering.  The  condensation  products  include  a  stable  bimolecular  dimer  ion 
C|JDtH6'1  and  also  C|,D6H/  and  C12D6H44  corresponding  to  the  rele.tse  of 
H  and  respectively. 

fn  addition  to  the  bimolecular  products  the  ion  is  formed  by  a 

higher  order  process.  Its  pressure  dependence  is  shown  in  Fig.  3.  Included  in  this 
Fig.  is  a  plot  of  intensity  as  a  function  of  the  cube  of  the  collision  region  pressure. 
Over  a  wide  pressure  range  up  to  60  mtorr  the  CuD,/  ion  is  formed  by  a  fourth 
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Fig.  I.  Charge  transfer  -  pressure  variation. 
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tion  steps,  the  ARL  tandem  ma>>s  spectrometer  was  used  in  conjunction  with  iso¬ 
topic  labelling.  The  predominant  channel  for  reaction  of  C,,H6*  ions  with  benzene 
is  charge-transfer  as  represented  by  the  labelled  reaction  (2). 

CoFV+CJ),-,  ctH(J  +  ct,rv  (2) 

At  a  collision  chamber  temperature  of  300  K  the  ionic  products  of  condensation 
reactions  comprise  less  than  2"„  of  the  cluigc-transfcr  product.  A  value  of  4.H  • 
10” 10  cm’  molcc"  1  s'  1  was  measured  for  the  rate  coefficient  of  reaction  (2)  [19], 

The  pressure  dependence  of  the  bimolccular  products  is  shown  in  f  igs.  [ 
and  2.  The  bimolecularity  is  indicated  by  the  initial  linear  rise.  Deviations  from 
linearity  above  20  nttorr  arise  ftom  further  reactions  with  bcn/cnc-d(,  and  from  ion 
scattering.  The  condensation  products  include  a  stable  bimolccular  dimer  ion 
C,jDbllA4  and  also  C, * I30l I s "*  and  C|jl),,H4*  corresponding  to  the  release  of 
H  and  II 2  respectively. 

In  addition  to  the  bimolccular  products  the  ion  0,-15,.*  is  formed  by  a 
higher  order  process.  Us  pressure  dependence  is  shown  in  lig.  3.  Included  in  this 
Fig.  is  a  plot  of  intensity  as  a  function  of  the  cube  of  the  collision  region  pressure. 
Over  a  wide  pressure  range  up  to  60  nilorr  the  ion  is  formed  by  a  fourth 


fig  I-  Charge  transfer  C»ll,  ‘  -  pressure  variation. 
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order  process  in  our  instrument.  The  ion  intensity  was  found  to  be  extremely  temper¬ 
ature  dependent,  for  example,  using  Chl  I, ,*  ions  with  0.5-cV  kinetic  energy  (labo¬ 
ratory  system)  impacted  on  15  mtorr  ol'ben/enc-d„  at  a  temperature  of  500  K,  the 
ion  is  the  mo.it  abundant  condensation  product.  Raising  the  collision 
region  temperature  to  580  K.  completely  eliminates  the  C,iD,j*  dimer  cation. 
This  can  be  contrasted  with  only  minor  changes  in  the  intensity  of  the  mixed  dimer 
C|,njlt-  ion  over  the  same  temperature  range.  Clearly,  the  C,;l)|;+  and 
C.jDJI,/  ionic  products  have  important  differences  other  than  isotopic  com¬ 
position.  The  existence  of  two  tit  lie  rent  dimeric  cations  formed  by  different 
mechanisms,  (second  and  fourth  ordet)  is  obviously  quite  important  in  the  anal* 
lysis  of  experiments  in  which  unlabelled  lead. inis  are  used. 

Evidence  concerning  the  origin  of  the  difference  in  the  two  dimer  ions  is 
obtained  by  studying  the  pressure  dependence  plots  for  reactant  ions  formed  at 
various  electron  impact  energies.  These  experiments  were  cat  ried  out  with  unlab¬ 
elled  reactants  at  a  collision  chamber  temperature  of  500  K  where  both  dimer¬ 
ization  processes  occur  concurrently.  The  pressure  satiations  are  shown  m  Tig.  4 
for  reactant  C„H„  *  ions  formed  1  y  impact  of  1 5.  25  and  80  V  electrons.  The  initial 
linear  portion  indicates  the  bimolccular  process,  while  at  higher  piessurcs  the 
fourth  order  mechanism  dominates  under  these  conditions.  The  relative  contri¬ 
bution  of  the  bimolccular  component  decreases  with  a  lowering  of  the  electron 
bombarding  energy.  These  results  imply  that  a  more  energetic  stale  of  the  CbH,/ 
ion  is  responsible  for  the  bimolccular  ditiici  formation  and  establish  the  existence 
of  an  electron  energy  threshold  below  which  the  bimolccular  process  can  no  longer 
occur. 


I*i|!  4,  DniKfi/ jiion  rcuvhun:  pressure  ami  electron  cnerg)  vun.ilion. 
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Electron  energy  dependence  studies  in  the  tandem  mass  spcdraiwter 


The  existence  of  energy  llucsholds  for  various  product  ions  was  established 
by  impacting  C^H,/  ions  cm  henzenc-d,,  at  a  collision  chamber  temperature  of 
3f>0  K  and  a  pressure  of  20  mtorr.  The  intensities  /,//  wcic  recorded  for  the  product 
ions  as  a  function  of  the  electron  energy.  The  results  are  plotted  in  I  ig  a  along  with 
the  variation  of  /  ss  ith  election  energy.  The  threshold  of  the  C',,H„  *  ion  is  taken  as 
9,24  cV  [20],  Both  the  C,2l)0H0‘  and  ions  are  observed  to  exhibit 

the  same  energy  dependence  and  the  same  threshold,  the  latter  being  2.5  ±  0.5  c'V 
above  the  ben/cne  ioni/ation  potential.  Within  the  experimental  limits,  the  hi- 
molecular  dimer  ion  .how's  the  same  energy  threshokl  for  both  the  ('(,!)„  ' /(\l lb 
arid  the  (,(,H<,*/C0I)0  experiments. 


.l«l'*CtiN0  ION 

coluoon  cn^simx  pncsseH[.20  »  t «*/  IKI,,H5,,T 
ifunmujHL  •  s»o  k  / 


NOMINAL  ELECTRON  ENERGY  t«V) 


Fig.  5,  Himoletukir  ijimer  micnsily:  —  electron  energy  variation. 


These  results  indicate  that  the  formation  of  C , 2 D,,H s 4  and 

also  presumably  C,,Dtlla'  rc(|inres  the  participation  of  an  excited  C0 1 1 0  4  *  ion 
having  internal  energy  ca.  3  5  eV  abuse  the  ben/cne  ioni/ation  threshold.  On  the 
other  hand,  the  C',.1),,4  pioducl.  as  illustrated  in  lig  6.  shows  no  sign  of  an 
energy  threshold,  apparently  indicating  Us  formation  by  ground  state  reactant 
CJV  ions. 

It  should  be  mentioned  at  this  point  that  the  existence  of  an  excited  elec- 
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gig  6.  Dimer  micntiiy:  •  do.  item  energy  variation. 


tronic  stale  in  the  vicinity  of  12.8  ±  ().5cV  is  uncertain  from  pltoloclcction  spectros¬ 
copy  data  [21  24],  Sampson  [25]  has  delected  stales  at  9.3.  1 1.5.  13.9  and  15.5  cV 
for  benzene.  In  recent  studies  I.indlu'lm  and  co-workers  [26,  27]  have  found  evi¬ 
dence  for  two  states  assigned  3e:„  and  I  a ,  „  with  onsets  in  the  region  II  - 12  cV; 
these  arc  somewhat  below  the  limit  determined  for  the  reacting  ions.  According 
to  the  assignment,  the  former  is  weakly  (.  -C  bonding  and  the  hitter  stiongly  C-C 
bonding.  In  view  of  the  uncertain  evidence,  the  C,,H„ '  reacting  ions  cannot  be 
definitely  assigned  to  an  electronic  stale,  The  identity  of  this  species  is  considered 
further  in  a  later  section. 

Summary  of  pressure  and  energy  studies 

Conclusions  from  the  pres- urc  and  energy  studies  in  the  tandem  instrument  mas 
be  summarized  as  follows. 

(a)  The  ground  state  benzene  ion  is  the  precursor  of  a  benzene  dimer  ion 
product  formed  by  an  overall  fourth  order  process,  [experiments  with  labelled 
reagents  indicate  that  the  initial  step  is  the  charge-transfer  reaction.  (2).  The  func¬ 
tion  of  this  reaction  is.  apparently  twofold;  it  e 1 1  eel iscl >  relaxes  the  vibrational 
energy  of  the  ions  loimed  In  electron  impact  ami  reduces  their  kinetic  energy  by 
its  much  as  a  factor  of  two  for  an  intimate  collision  [2Sj,  The  next  step  in  the  dimer 
formation  is  best  considered  [5-7]  as  an  associative  ci|uilibrium  reliction 
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C„IV  +  C,, ll„  (C\,H6);  *  *  (3) 

which  forms  an  excited  species  (C„H0):**  requiring  collisionul  stabilization, 
(reaction  4), 

(CtH(,),’*i  CbH6  -  (C,,H„), *  +  C()H1,‘  (4) 

in  oulcr  to  be  observed  as  a  stable  ion.  Tlic  occurrence  of  such  a  series  of  reactions 
depends  critically  on  the  lifetime  of  the  excited  dimer  ion.  If  us  internal  energy  is 
large  compared  to  the  depth  in  the  potential  energy  surface  along  the  direction  of 
the  reaction  coordinate,  then  it  will  decompose  unimolccularly  within  a  few  vibra¬ 
tional  periods  before  a  stabilizing  collision  cun  occm  i  lie  sensitivity  ol  the  lifetime 
to  the  internal  energy  of  "  is  emphasized  by  the  need  lor  the  initial  vibra- 

tional  relaxation  step.  (2).  This  is  probably  the  reason  why  no  fourth  order  dimer 
ions  are  observed  at  collision  chamber  temperatures  £  380  K.  If  CbH„  '  ions  were 
formed  in  the  losses!  vibrational  levels  as  is  the  case  with  the  photoioni/ation 
experiments,  then  the  dimer  cation  ss'otiltl  he  nbseivco  to  be  Conned  by  an  os  cm  .ill 
third  order  process  as  observed  by  Clnipka(l4]  and  by  Anicich  and  (lowers  (1 5], 

(b)  An  excited  state  of  titc  benzene  molecular  ion  having  an  energy  threshold 
ca.  3.5  ±  0.5  c\  above  the  ionization  threshold,  (but  apparently  not  an  electronic 
slate),  may  also  undergo  an  associative  equilibrium  reaction  such  its  (3).  because 
of  the  extra  internal  energy,  there  arc  in  addition  to  the  bach  reaction,  two  other 
reaction  channels,  producing  and  Cl2ll10*  products  respectively. 


(CAV-Cull^tH 

(5) 

*  *  -*  CUH  i0*  +  H, 

(6) 

Considcung  the  energy  sensitivity  of  the  fourth  order  process  and  the  magnitude  of 
the  energy  threshold  for  the  bimolccular  reaction,  it  seems  clear  that  the  two  mech¬ 
anisms  arc  forming  quite  different  dimeric  species.  The  existence  of  two  distinct 
reaction  mechanism-,  involving  different  states  of  the  precursor  ion  accounts  for 
reported  observations  of  reaction  mechanisms  ranging  from  second  to  fourth 
order.  In  Stockdale’s  experiments  (13)  the  bimolccular  dependence  "as  .-stab- 
lishcd  for  electron  impact  energies  of  20  cV  or  greater  A  glance  at  Tig.  4  indicates 
that  at  this  electron  energy  appieciable  amounts  of  excited  C,,l  *  ions  arc  picscnl 
to  undergo  a  bimolccular  reaction.  Furthermore,  under  the  pressure  conditions 
(P  <  I  mlorr)  the  higher  order  process  would  make  a  negligible  contribution. 
Turthcr  insight  into  understanding  the  ions  involved  is  provided  m  the  following 
isotopic  study. 

Jsniopir  siutly 

The  relative  abundances  of  the  bimoleculat  products  from  the  benzene 
parent  ion  reactions  were  measured  lor  various  combinations  of  isciop-ially 
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TABU'  I 

MMOLITUl  AR  (■ROOl'Cl  IUSS  (ROM  (|||  R( \(  tlDSS  III  CkXs  "  IONS  WITH  Ct  (X  -  H.  D)  IN  (III.  1  AMIIVI  MASS 
Jl'I  Cl  ROMIU  R‘ 


Reactant  ion 

\cutrol 

i’ rati iter  inn 

Dimer  (U) 

intensities  {arbitrary  units) 

(/;-/>  (n-:) 

(/>■<! 

(/)•■() 

Apparent 

total 

crass 

sect  inn 

(zf 1 ) 

CcH„ *  0 

CJK 

101(1  OJr 

P7(l.'>4) 

:s  5(0  2S) 

... 

— 

0.9 

(benzene) 

96  0(1  00) 

1  1611. 57) 

mo. :s) 

-- 

- 

0.9 

CoD.H,*  » 

C..M0 

61  HI  00) 

1090.79) 

66.60.09) 

i.vjin.:.') 

1  1  .Si0.iv  I 

0.3 

(t-d j-bcn/cnc) 

cq.t)  ,n  j 

59.6(1.00) 

96.1(1.61 ) 

57.9(0  97) 

i5.sio.;:i 

to. 2io.  1 1 1 

0.8 

C,l)t 

K6.0ll.00) 

77. 1(0.90) 

49,6(0. 5S ) 

14.  ao.17) 

1 1.3(0 .15) 

0.8 

(  6^0  * 

c6h„ 

6.1(1.00) 

-- 

157(25  6) 

-  . 

17.4(2.(15) 

0.6 

(benzene-dfc) 

c„n„ 

IS.9il.00) 

147(7. -S) 

20  3(1.07) 

0  6 

*  Collision  chamber  icmper  aline.  .'00  K;  ionizing  milage,  70  cV;  collision  chaniher  prcs'inc,  10  mu;  n>n  kinetic 
energy  ta  0  3  s'V 

1  The  reactant  ions  1  'C  C,H„‘  ar.il  1 JC  C ,PjH  j*  ssc'C  utilized  to  asotil  1  ’V  inicrfcicncc  i> >  product  idemilica- 
lion. 

'  Values  in  parentheses  are  rclaiise  imcnsiiies  normalized  I.)  a  saluc  of  10  for  I  lie  dimer  ion. 

labelled  reactants.  The  collision  chamber  pressure  \e.is  maintained  at  10  miorr  to 
prevent  the  formation  of  any  fourth  order  ionic  products.  The  results  are  summa¬ 
rized  in  Table  I . 

The  excited  dimeric  ion  has  several  decomposition  channels  available.  One 
of  these  paths,  that  leading  to  the  original  reactants,  cannot  be  monitored  with 
our  in-line  tandem  experimental  arrangement.  Therefore,  normalization  of  the 
observed  intensities  by  the  total  ion  current  is  not  justified;  the  relative  importance 
of  the  various  fragmentation  processes  is  best  \  isiiali/cd  b>  normalizing  the  spectra 
to  unit  dimer  ion  intensity.  These  quantities  are  shown  in  parentheses  in  Table  I. 

Since  the  collision  rates  arc  essentially  the  same  for  all  eases  considered, 
the  magnitude  of  the  apparent  total  reaction  cross  section  in  the  last  column  of 
Table  I  provides  some  insight  into  the  impoitance  of  the  back  reaction.  It  can  be 
concluded  front  these  dam  that  the  extent  of  back  reaction  increases  with  increasing 
deuterium  substitution  in  the  reacting  ion. 

An  important  observation  from  the  dissociative  product  ions  shown  in 
Table  I  is  that  in  the  ease  of  1 1„  ‘  reactions,  onh  elimination  ol  1 1  and  H  ,  occurs, 
while  in  the  corresponding,  reactions  of  CI(I)„  1  ,  only  I)  and  D,  are  lost  from  the 
dimeric  species.  It  is  apparent  that  the  mixed  dimer  product  ion.  H(,  ’ , 

retains  some  structural  memory  of  the  reacting  ion  in  each  case.  To  a  first  approx¬ 
imation,  the  product  distribution  is  principally  a  function  of  the  impacting  ion. 
the  role  of  the  neutral  being  rather  minor.  T  his  is  I'm i her  emphasized  by  the  con- 
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stancy  of  the  apparent  total  cross  sections  for  tile  reactions  of  a  g.ivcti  ion  with 
various  neutral  targets. 

The  increased  fragmentation  of  the  dimer  cation  observed  with  decreasing 
deuterium  substitution  in  the  neutral  reactant  is  likely  related  to  internal  energy 
differences  in  the  neutral  species.  Certainly,  in  the  energy  range  studied,  the  de¬ 
composition  rate'  are  rapid1)  eh. ingum  functions  of  the  internal  energy  V,V  me 
unable  to  specif)  die  internal  enere)  distributions  o!  either  the  reactants  or  products 
from  the  present  experiments.  It  seems  clear,  howcvci,  that  elimination  occurring 
only  from  the  "ionic”  portion  of  the  dinur  ion  excludes  the  possibility  of  a 
symmetrical  dimer  structure  -tie li  as  two  six  mcmberctl  rings  attached  appropri¬ 
ately.  These  results  further  suggest  th.it  the  excited  reactant  ion  probably  does  not 
have  benzene-ring  structuie  but  is  rather  a  structural  isomer,  possibly  a  linear 
chain  or  fuhene-sirticlure  The  former  has  been  postulated  [-9]  for  excited  heii/ene 
ions  formed  by  electron  impact.  Recently  Gross  (50 j  has  found  significant  JilVci- 
cnccx  in  the  bimolecular  reactions  isomers. 


fujuitihriiim  studies  in  the  Itii/li  pressure  sinyle-siuirce  muss  s/ieelrnnteler 


There  luxe  been  two  reported  measurements  of  the  enthalpy  change  for  the 
monomer-  dimer  cation  equilibrium  in  ben/enc  using,  mass  speetiomctrie  methods. 
Field  et  al.  (9)  and  Wcxlcr  and  Pobo  [II]  have  obtained  values  ol  -  15  and  —  10 
kcal  mol"1  respectively,  under  conditions  thought  to  be  close  to  equilibrium.  In 
view  of  the  existence  of  two  mechanisms  for  dimer  ion  formation  established  in 
the  present  study,  the  interpretation  of \an 't  I  luff  plots  and  the  existence  of  equi¬ 
librium  under  various  source  conditions  should  he  discussed. 

F'or  the  ideali/vd  equilibrium, 

H'+llPlV  (7) 

where  11*  and  B>*  represent  and  tC’.J  lb),  ‘  ions  respectively,  the  equilib¬ 

rium  constant  can  be  expressed  as, 


Kr 


(R 

(I* 


i 1 1  \i’i 


(«) 


where  /'  is  the  pressure  of  bcn/cne  Provided  that  an  cquilibiitun  exists  within  the 
ion  source  and  that  collected  ion  currents  represent  the  concentrations  of  (he  ions 
in  llie  source,  then  van  'l  I  loir  plots  ol  log  f\r  as  a  function  ol  the  reciprocal  of  the 
temperature  (an  be  made.  From  the  slope  ol  such  plots  the  enthalpy  change  can 
be  determined. 

First,  consider  the  bimolecular  reaction  sequence. 
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C6H6**  +  C.H6;=i  (CtHJ2*  (9) 

C,2H,/  +  H(  10) 

*3  C12H10«  +11,(11) 

One  of  ihc  equilibrium  requirements  [31)  is  that  (A. A.  That  this  con¬ 
dition  holds  cannot  be  verified  without  knowing  the  relative  importance  of  the 
back  reaction.  liven  if  equilibrium  is  attainable  I'oi  this  mechanism,  the  relevant 
van 't  Hod  plot  can  be  made  only  if  the  fraction  of  the  total  observed  ben/ene 
parent  ion  current  corresponding  to  the  evened  species  C„H</  f  is  known.  Since 
this  fraction  is  not  known,  no  conclusions  can  be  drawn  concerning  the  existence 
or  non-cvistencc  of  equilibrium  for  tire  bimoiccular  reaction  sequence. 

The  steps  in  the  fourth  order  mechanism  arc  given  b>  (2).  (.1)  and  ( -J )  The 
tandem  experiments  indicate  no  further  reaction  or  decomposition  of  the  dimer 
cation  at  pressures  up  to  60  intoir.  Theoretically  then,  equilibrium  is  achievable 
but  the  existence  of  equilibrium  under  our  experimental  conditions  can  only  be 
tested  by  measuring  AV  as  a  function  of  the  source  pa  ameters.  These  experiments 
must  be  done  under  conditions  such  that  the  quaternary  process  is  the  dominant 
pioccss  and  the  data  obtained  in  the  tandem  experiments  suggest  that  this  should 
be  the  ease  at  temperatures  below  380  K  and  pressui es  in  excess  of  20  millilOT. 

The  results  of  such  a  stud)  are  represented  by  the  xan’l  Holf  plots  shown 


RECIPROCAL  OF  TEMPI  MATURE  .lO^l  K1) 


Fig,  7.  Van  'l  Hull  plots 
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in  l:ig  7,  for  several  ion-source  pressures  and  repel ler  field  strengths  in  the  high 
pressure  Rendix  instrument.  The  assumption  is  made  there  that  the  concentration 
of  excited  ions,  is  small  relative  to  that  of  the  ground  slate  benzene  ions. 

The  plots  are  linear  up  to  a  temperature  of  ca.  370  K.  then  are  concave  downwards. 
The  average  slope  over  the  pressure  range  100-200  nitorr  and  the  tcinpcratUi ; 
range  300-370  K  at  the  lowest  repel  ler  field  strengths  yields  an  enthalpy  difference 
AH  of  -8  +  2  kcal  ntol"  1 .  This  is  in  reasonably  good  agreement  with  the  value 
of  Wcxler  and  I’obo  [II]  and  about  a  factor  of  two  lower  than  the  s nine  obtained 
by  lical  el  a  I .  [0],  The  change  in  slope  at  370  K  coincides  with  l  lie  temperature  at 
which  the  fourth  older  dimer  was  observed  in  the  tandem  experiments  to  become 
unstable,  anti  at  which  the  bimolecular  process  dominates.  The  plots  in  the  higher 
temperature  legion  arc  linear  over  the  range  from  390  K  to  -170  K.  the  latter  being 
the  maximum  temperature  nvcstigatcd.  Under  our  experimental  conditions,  no 
meaningful  enthalpy  Jitfercnec  can  be  determined  from  this  high  temperature 
region. 

Formation  of  the  fourth  order  duner  depends  critically  on  the  gas  tempera¬ 
ture  and  the  ion  energy.  If  the  pressme  is  too  low  or  the  kinetic  energy  of  the  ben¬ 
zene  ion  is  too  high  the  lifetime  of  the  associative  product  is  too  short  to  allow  a 
stabilization  collision.  Under  these  conditions  equilibrium  cannot  b:  achieved, 
as  evidenced  by  the  plots  in  fig.  7  under  conditions  of  low  pressure  and  high 
rcpcllcr  ficltl  strengths.  Under  conditions  of  the  lowest  field  strengths  and 
highest  pressure,  the  benzene  ions  spend  about  10  /is  in  the-  ion  source.  Increasing 
the  pressure  front  I  50  to  200  mtorr  produces  essentially  no  change  in  the  measured 
value  foi  A'r  met  the  low  temperature  region.  The  achievement  of  equilibrium  is 
difficult  to  establish  with  certainty.  However,  the  behavior  of  the  observed  Kr 
clearly  indicates  that  the  system  is  approaching  equilibrium,  and  the  measuied 
enthalpy  change  is  therefore  a  reasonable  approximation  of  the  equilibrium  value. 

Ion  sinn inro  .  The  results  described  previously  indicate  the  partic¬ 

ipation  of  two  stales  of  the  benzene  parent  ion.  It  is  found  that  the  ground  elec¬ 
tronic  stale  ion  having  an  ioui/aiioii  potential  of  9.24  cV '.  and  possibly  other  ex¬ 
cited  electronic  stales  having  a  cyclic  structure,  react  via  a  fourth  order  mecha¬ 
nism  to  form  the  dimer  cation.  The  enthalpy  change  for  this  process  (assuming 
that  the  charge-transfer  and  collistoital  stabilization  steps  have  zero  activation 
energies)  is  in  the  range  —(6  —  10)  kcal  mol"  '. 

In  addition,  our  data  demonstrate  the  existence  of  another  species 

with  an  appearance  potential  of  I2.S  ±  0.5  cV.  The  isotopic  experiments  suggest 
that  this  state  is  a  non-cytlit  isomer  of  the  ground-slate  ion.  If  this  is  indeed  the 
ease,  then  the  energy  in  excess  of  the  ionization  potential  of  benzene  which  is  re¬ 
quired  to  produce  tin-  species,  that  iv  3  5  ±  0.5  cV,  should  eor respond  to  the 
activation  energy  for  ring-opening.  Taking  All,  II,  '  )  —  233  kcal  mol"  1  [32] 
for  the  cyclic  form  of  the  benzene  parent  ion  therefore  yields  an  upper  limn  of 
314  j_  10  kcal  mol  1  for  the  linear  form  ol  the  CT , ,  1 1 tl  *  tcaciaiii.  From  studies  ol 
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linear  C6H6  isomers,  Momign'y  et  al.  [29]  have  determined  zl//f(CbHb  +  )  =  307 
kcal  mo!-1  for  ionization  of  the  structures  CH~CCII-CHCH-CH2  and  C2H5C~ 
CC-CH.  Thus,  while  we  arc  unable  to  identify  precisely  the  isomeric  C,,Hb  +  ion 
in  question  from  the  present  study,  the  results  arc  clearly  consistent  with  a  linear 
chain  structure  formed  by  opening  of  the  six-membered  ring. 

The  existence  of  such  a  low  activation  energy  for  the  ring  opening  may  allow 
the  isomerization  to  compete  effectively  with  the  loss  of  H  and  H,  from  the  CbHb  + 
ion.  If  the  isomerization  were  the  dominant  process,  then  the  loss  of  a  hydrogen 
atom  would  take  place  via  the  linear  CbHb  +  isomer  and  the  observed  appearance 
potential  of  C6H5+  would  be  higher  than  predicted  on  the  basis  of  benzyl  ion 
formation  [33]. 

The  structural  difference  between  the  two  benzene  molecular  ions  may  ex¬ 
plain  the  failure  to  detect  certain  product  ions  at  higher  pressures.  For  example, 
no  Cl2D,,+  or  C,2D12+  products  were  observed  at  a  temperature  of  ca.  400  K 
when  bombarding  bcnzenc-d,,  with  C,.H6+  ions  in  the  tandem  instrument.  In 
view  of  the  fast  charge-transfer  reaction  observed  for  ground  state  benzene  ions, 
and  the  existence  of  bimolccular  products  such  as  C12DbHb  +  ,  C12DbHJ  +  and 
C12D6H4  +  ,  one  would  expect  formation  of  C)2D12  +  ,  C12D,,+  and  C,2D10  + 
ions  to  occur  following  charge-transfer.  The  absence  of  such  ions  implies  that  the 
charge-transfer  reaction, 

C6Hb+*(isomcr)  +  C6D6  CbD6+*(isomcr)  +  CbH6  (12) 

does  not  occur.  There  are  two  possible  reasons  for  this.  First,  the  change  in  struc¬ 
ture  requires  a  much  longer  time  than  the  charge-transfer  process,  so  that  the 
Franck-Condon  factors  for  the  latter  reaction  may  be  low.  Secondly,  the  reaction 
might  form  a  vibrationally  excited  ion  with  a  cyclic  structure  which  then  requires 
an  isomerization  prior  to  undergoing  a  bimolccular  dimerization  reaction. 

Ion  slrucliirc  ( C6H6  +  )2 .  As  already  noted,  two  dimeric  species  are  indicated 
from  the  present  study.  The  first,  formed  by  a  fourth  order  reaction  mechanism, 
has  a  binding  energy  in  the  range  6-10  kcal  mol “ 1 ,  leading  to  the  CbHb  +  ground 
state  ion  on  decomposition.  The  second  is  formed  bimolccularly,  having  some 
unknown  binding  energy,  (but  almost  certainly  >10  kcal  mol-1  because  of  its 
temperature  stability  and  bimolccular  formation  requiring  no  collisional  stabiliza¬ 
tion),  and  this  yields  the  isomerized  C„Hb  +  *  ion  on  decomposition.  The  isotopic 
studies  and  the  conclusions  concerning  the  C„Hb+*  ion  suggest  that  the  structure 
of  the  bimolccular  dimer  is  non-symmctric,  probably  having  the  form  of  a  1-sub- 
slitutcd  benzene. 

It  may  be  noted  that  both  experimental  studies  and  theoretical  calculations 
dealing  with  the  structure  of  benzene  excimers,  (C„Hb)2,  have  been  reported.  The 
calculations  of  Jortner  and  co-workers  (I  ]  and  of  Chesnut  et  al.  [34]  as  well  as 
the  experimental  work  of  Birks  and  Conte  [35],  all  of  which  treat  the  dimer 
as  two  benzene  molecules  in  a  sandwich  configuration,  are  consistent  with 
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shallow  well  depths  (0.3-0.5  cV)  and  intcrplanar’ separations  greater  than  3  A. 

Badger  and  Brocklehnrst  [36]  have  discussed  the  form  of  dimer  cations  and 
from  electron  spin  resonance  experiments  [37]  have  concluded  that  the  benzene 
dimer  cation  has  a  symmetric  sandwich  structure.  Studies  by  Hamlet  [38]  and 
Field  etal.  [9]  have  similarly  concluded  a  sandwich  structure  for  this  dimer  species. 
More  recently,  Chesnut  [39]  has  performed  Hiickcl  molecular  orbital  calculations 
on  the  dimer  cation  in  a  sandwich  configuration  and  again,  the  results  indicate 
well  depths  on  the  order  of  0.3-0.5  eV,  and  large  (ca.  3  A )  intcrplanar  separations. 
This  theoretical  well  depth  is  in  good  agreement  with  the  experimental  binding 
energy  of  the  dimer  ion  determined  in  the  present  work.  Both  theoretical  and 
experimental  evidence  therefore  point  to  a  sandwich  structure  for  the  ground  state 
dimer  ion. 

The  structural  similarities  of  the  benzene  excimer  and  the  dimer  cation  make 
it  reasonable  to  predict  the  ionization  potential  of  the  B,  excimer.  Since  it  has  been 
shown  that  the  ground  state  B4  ion  reacts  to  form  this  structure,  the  total  energy 
corresponding  to  the  dimer  ion  in  a  relaxed  stale  is  ca.  (9.2-0.3)  cV.  The  corre¬ 
sponding  energy  for  the  excimer  has  been  calculated  by  Chesnut  [34]  as  ca.  (4.1  + 
0.2)  eV  at  the  equilibrium  intcrplanar  separation.  Thus,  a  value  of  ca.  4.6  cV  is 
predicted  for  the  ionization  potential  of  the  benzene  excimer.  Experimental  deter¬ 
minations  of  excimer  ionization  potentials,  which  would  obviously  be  of  interest 
for  comparison,  have  not  yet  been  reported. 


ACKNOWLEDGEMENTS 

The  authors  are  greatly  indebted  to  Dr.  D.  B.  Chesnut  and  to  Dr.  W.  A. 
Chupka  for  valuable  discussions  concerning  the  benzene  dimer  cation.  Research 
performed  by  E.  G.  J.  and  A.  K.  B.  while  in  the  capacity  of  Ohio  State  University 
Research  Foundation  Visiting  Research  Associates  under  Contracts  F336I5- 
67-1758  and  F336 1 5-67-C-l  758,  respectively. 


REFERENCES 

1  M.  T.  Vala,  Jr.,  1.  It.  Hillier,  S.  A.  Rice  and  J.  Jorlncr,  ].  Client.  Pltys.,  44  (1966)  23 

2  J.  B.  Birks,  Client.  Pltys.  Lett.,  1  (1967)  304. 

3  A.  Henglcin.  Naturforsch.  A,  17  (1962)  44. 

4  C.  Lilshitz  and  B.  G.  Reuben,  J.  Client.  Pltys.,  50  (1969)  951. 

5  F.  H.  Field,  P.  Mantlet  und  W.  F.  Libby,  J.  Amer.  Client.  Soe.,  89  (1967)  6035. 

6  L.  I.  Virin,  Yu.  A.  Satin  and  R.  F.  Dzliagulspanyun,  Klihn.  t'ys.  Liter i/.,  I  (5)  (1967)  417. 

7  A.  Giardini-Guidoni  and  F.  Zocclti,  Trims.  Tiirmlny  Sue.,  64  (1968)  2342. 

8  S.  Wcxlcr  und  R.  P.  Clow,  J.  Amer.  Client.  Sue.,  90  (1968)  3940. 

9  F.  II.  Field,  P.  Mantlet  und  W.  F.  Libby,  J.  Amer.  Client.  Sue.,  91  (1969)  2839. 

10  T.  O.  Tlcrnuti  and  A.  K.  Bliutluchuryu,  Abstracts.  /57th  National  Mcctinp  of  the  American 
Chemical  Society,  Minneapolis,  Minn.,  April  1969. 

11  S.  Wcxlcr  und  L.  G.  Pobo,  J.  Pltys.  Client.,  74  (1970)  257. 


161 


12  L.  Friedman  and  B.  G.  Reuben.  Adean.  Chem.  Phys.,  19  (1971)  33. 

13  J.  A.  D.  Stoekdale,  J.  Client.  Phys.,  58  (1973)  3881. 

14  W.  A.  Chupka,  unpublished  work. 

15  V.  G.  Anicich  and  M.  T.  Bowers,  J.  Amer.  Cliciti.  Sue.,  96  (1974)  1279. 

16  J.  11.  Fulrell.T.  O.Ticrnan,  F.  P.  Abramsonand  C.  D.  Miller,  Rev.  Scl.  Instrum.  39  (1968)  340. 

17  J.  II.  Futrell  and  C.  D.  Miller.  Rev.  Scl.  lustrum.  37  (1966)  1521. 

18  B.  M.  Hughes  and  T.  O.  Ticrnan,  J.  Chem.  Pltys.,  55  (1971)  3419. 

19  Value  obtained  relative  to  12-  I0'locm3  molcc-1  s"‘  for  principal  reaction  in  methane; 

cf  S.  K.  Gupta,  E.  G.  Jones,  A.  G.  Harrison  and  J.  J.  Myher,  Cun.  J.  Chan.,  45  (1967)  3107. 

20  M.  J.  S.  Dewar  and  S.  D.  Worley,  J.  Chan.  Phys.,  50  (1969)  654. 

21  M.  1.  Al-Joboury  and  D.  W.  Turner,  J.  Chan.  Sue.,  Lotulon,  (1964)  4434. 

22  A.  D.  Baker,  D.  P.  May  and  D.  W.  Turner.  J.  Chan.  Sue.  0,  (1968)  22. 

23  A.  D.  Baker,  C.  R.  Brundle  and  D.  W.  Turner,  J.  Mass  Spectrum,  lull.  Phys.,  I  (196S)  443. 

24  1.  D.  Clark  and  D.  C.  Frost,  J.  Amer.  Chem.  Sue.,  89  (1967)  244. 

25  J.  A.  R.  Sampson,  Chem.  Phys.  Lett.,  4  (1969)  257. 

26  B.  Johnson  and  E.  Lindholm,  Ark.  Fys.,  39  (1969)  65. 

27  L.  Asbrink,  O.  Edqvist,  E.  Lindholm  and  L.  E.  Selin.  Chem.  Phvs.  Lett.,  5  (1970)  192. 

28  G.  Gioumousis  and  D.  P.  Stevenson,  J.  Client.  Phys.,  29  (1958)  294. 

29  J.  Momigny,  L.  Brakicr  and  L.  D'Or,  Bull.  Cl.  Scl.  Acad.  Roy.  Bela-,  48  (1962)  1002. 

30  M.  L.  Gross,  private  communication. 

31  II.  S.  Johnson,  Gas  Phase  Reaction  Rate  Theory,  Ronald  Press,  New  York,  1966. 

32  J.  L.  Franklin,  J.  G.  Dillard,  It.  M.  Rosenstock,  J.  T.  Herron,  K.  Draxl  and  F.  H.  Field, 
Ionization  Potentials,  Appearance  Potentials  and  Heats  of  Formation  of  Gaseous  Positive  tons, 
NSRDS-NBS  26,  1969. 

33  M.  L.  Vestal  in  P.  Ausloos  (Ed.),  Fundamental  Processes  in  Radiation  Chemistry,  Intcrscience, 
New  York,  1968. 

34  I).  B.  Chesnut,  C.  J.  Fritchie  and  H.  E.  Simmons,  /.  Chan.  Pltys.,  42  (1965)  1127. 

35  J.  B.  Mirks  and  J.  C.  Conte,  Pruc.  Roy.  Soc.,  Ser.  A,  303  (1968)  85. 

36  B.  Badger  and  B.  Broeklchurst,  Nature  ( London )  219  (1968)  263. 

37  B.  Badger,  B.  Broeklchurst  and  R.  D.  Russell.  Chem.  Phys.  Lett.,  1  (1967)  122. 

38  P.  L.  Hamlet.  I’h.D.  Thesis.  University  of  California,  Los  Angeles,  1968. 

39  D.  B.  Chesnut,  private  communication. 
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A  (lowing  afterglow  apparatus  was  constructed  and  used  to  measure  thermal  electron  attachment  rate 
constants  in  the  halogen  gases  fluorine,  chlorine,  and  bromine.  The  operation  of  the  afterglow  system  and 
the  mathematical  models  applied  in  treating  the  data  were  tested  by  measuring  the  thermal  attachment  rate 
constant  for  electrons  in  sulfur  hexafluoride.  The  average  value  obtained  for  this  rate  constant  is 
4.2*  1.1  X  10~‘  cm1  molecule" 'sec'1  when  a  microwave  discharge  was  used  as  the  electron  source  and 
3.6±  1.8X  10"'  cm3  molecule" 'sec"1  when  a  filament  was  used  as  the  electron  source.  The  average  electron 
temperature  was  estimated  to  be  approximately  600‘K  for  the  microwave  discharge  source  and 
approximately  350’K  for  the  filament  source.  A  charge  transfer  reaction  between  sulfur  hexafluoride  and 
the  ion  Of  was  also  investigated  in  the  present  study  to  further  assess  the  operation  of  the  flowing 
afterglow  apparatus  in  the  microwave  discharge  source  configuration.  The  average  rate  constant  obtained 
for  this  reaction  is  3.7  ±0.4x  10"  "  cm3  molecule  "'sec"'  for  an  estimated  ion  temperature  of  300-325'K. 

The  average  rate  constants  obtained  for  the  dissociative  attachment  of  electrons  in  fluorine  are 
4.6±  1.2X10"’  cm3  molecule" 'sec"1  for  an  electron  temperature  of  approximately  600*K  and 
3.1  ±  1.2X  10"’  cm3  molecule'  'sec"'  for  an  electron  temperature  of  approximately  350'K.  The  average  rate 
constants  obtained  for  dissociative  electron  attachment  in  chlorine  and  bromine  are  3.7±  1.7x10"’  and 
1.0±0.9Xl0"n  cm3  molecule"‘sec*',  respectively,  for  an  electron  temperature  of  approximately  350*K. 

The  rate  constant  for  the  three-body  attachment  reaction  Br"4- Br2  +  Ar  to  form  Br,“  was  also  measured 
and  found  to  be  1.9±0.5X  I0"2S  cm4  molecule"3sec"'. 


INTRODUCTION 

The  reaction  rates  for  the  attachment  of  thermal  elec¬ 
trons  to  various  molecules  continue  to  be  of  consider¬ 
able  research  interest.  Applications  of  these  data  are 
important  in  the  fields  of  aeronomy,  laser  physics,  and 
spacecraft  communication. 1-3 

A  survey  of  published  literature  data  reveals  that 
little  information  exists  concerning  thermal  electron  at¬ 
tachment  in  the  halogen  gases.  Table  I  summarizes 
published  thermal  electron  attachment  rate  constants 
for  fluorine,  chlorine,  and  bromine.  The  rate  con¬ 
stant  for  fluorine,  listed  in  Table  I,  was  published  in  a 
preliminary  report  of  this  work.4  Prior  to  that  publica¬ 
tion,  no  rate  constant  for  the  dissociative  attachment  of 
low  energy  electrons  in  fluorine  had  been  published. 

This  article  reports  the  final  results  of  the  measure¬ 
ment  of  that  rate  constant.  A  recent  publication  by 
Christodoulidcs  ct  al .*  reports  a  rate  constant  for  the 
attachment  of  thermal  electrons  in  chlorine.  Truby5 


has  measured  the  dissociative  attachment  rate  constant 
for  thermal  electrons  in  bromine  using  a  static  after¬ 
glow  technique.  The  results  summarized  in  Table  I  not 
only  illustrate  the  need  for  further  halogen  thermal  elec¬ 
tron  attachment  studies,  but  also  suggest  the  desirabil¬ 
ity  of  a  different  approach  for  such  measurements. 

Prior  to  the  present  work,  none  of  the  reported  studies 
of  these  reactions  involved  measurements  in  which  the 
product  ions  formed  in  the  dissociative  attachment  re¬ 
action  were  monitored.  Therefore,  electron  loss  mech¬ 
anisms  other  than  the  dissociative  attachment  reaction 
are  also  possible  and  may  have  caused  the  measured 
rate  constant  to  be  in  error.  The  present  work  avoids 
this  limitation  by  monitoring  the  product  ions  in  order 
to  determine  the  dissociative  attachment  rate  con¬ 
stants. 

In  view  of  the  absence  of  rate  data  for  the  attachment 
of  thermal  electrons  to  fluorine  and  the  need  to  cor¬ 
roborate  existing  data  for  bromine  and  chlorine,  an  ap- 


TABI.E  I.  Thermal  electron  attachment  rate  constants  for  fluorine,  chlorine,  and  bro¬ 
mine. 


Molecule 

tlcrn1  molecule*1  see*1) 

Technique 

Electron 
temperature  (*K) 

Beference 

F, 

7.5x10** 

Flowing  afterglow 

~500 

4 

Cl, 

3.1x10*" 

Electron  cyclotron 
rosonanco 

293 

5 

Hr, 

0.82x10*" 

Static  afterglow 

290 

0 
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paratus  was  designed  ant!  constructed  to  obtain  this  in¬ 
formation.  A  flowing  afterglow  technique  was  selected 
for  these  experiments  after  a  review  of  the  methods 
which  have  been  used  to  measure  thermal  electron  at¬ 
tachment  rate  constants.  The  flowing  afterglow  method 
was  selected  primarily  due  to  the  ease  with  which  ther¬ 
mal  electrons  are  produced  in  the  afterglow.  In  addi¬ 
tion,  this  technique  has  previously  been  used  to  mea¬ 
sure  a  thermal  electron  attachment  rate  constant.1 
Another  reason  for  the  selection  of  the  flowing  afterglow 
technique  is  its  general  applicability  to  the  study  of 
other  kinetic  processes  such  as  ion-molecule*  and 
metastable  atom-neutral  molecule  reactions,9 

Another  objective  of  the  present  work  was  the  develop¬ 
ment  of  a  flowing  afterglow  apparatus  considerably 
smaller  than  those  generally  used  in  previous  studies 
of  electron-molecule  and  ion-molecule  reactions. 10 
The  smaller  size  decreases  the  cost  and  space  require¬ 
ments  of  sucli  an  apparatus. 

The  present  experiments  involved  three  stages:  the 
design  and  construction  of  the  flowing  afterglow  appara¬ 
tus,  the  use  of  this  apparatus  to  measure  known  reac¬ 
tion  rate  constants  in  order  to  assess  the  operation  of 
the  apparatus,  and  the  use  of  the  apparatus  to  measure 
thermal  electron  attachment  rate  constants  for  the  halo¬ 
gens  fluorine,  chlorine,  and  bromine.  The  reactions 
studied  in  order  to  test  the  flowing  afterglow  apparatus 
were  the  electron  attachment  process 

c‘  +  SF6^(SFa)*-SF;  ,  (1) 

and  the  ion-molecule  reaction 

sf8+o;-sf6-+o2  .  (2) 

Doth  of  these  reactions  were  selected  because  their 
thermal  rate  constants  have  been  measured  previously 


using  a  flowing  afterglow  technique.7**  In  addition,  the 
thermal  electron  attachment  rate  constant  for  sulfur 
hexafluoride  has  been  measured  using  several  other  ex¬ 
perimental  techniques. 11-14  Once  the  initial  tests  of  the 
experimental  technique  were  completed,  the  thermal 
electron  attachment  rate  constants  for 

e'+ F2ri(Fj)*  —  F'+ F  ,  (3) 

c*  +  Clan(Cli),'-Cl-  +  Cl  ,  (4) 

e  +  Brj**  (BrJ)*  —  Br"  +  Br  ,  (5) 

were  determined.  In  addition,  the  rate  constant  for 
Br*  +  Bra  +  Ar  —  BrJ  + Ar  (6) 

was  determined  in  the  course  of  the  present  research. 

EXPERIMENTAL 

A  schematic  diagram  of  the  flowing  afterglow  appara¬ 
tus  in  the  microwave  discharge  source  configuration  is 
shown  in  Fig.  1.  Electrons  are  produced  by  a  2450 
MHz  microwave  discharge  (approximately  2  W  total 
power)  in  argon  buffer  gas  in  a  quartz  discharge  tube. 
The  microwave  power  supply  is  coupled  to  the  buffer 
gas  by  an  Evenson  cavity  and  monitored  by  a  microwave 
power  meter  (not  shown).  Electrons  produced  in  the 
active  discharge  are  rapidly  Ihcrmalized  in  the  high 
pressure  environment  (1-3  torr  buffer  gas  pressure) 
and  flow  past  the  reactant  gas  injection  port,  where  a 
gas  such  as  fluorine  may  be  introduced  into  the  after¬ 
glow.  Negative  ions  formed  in  the  reaction  tube,  19. 6 
cm  in  length  and  2.  57  cm  inside  diameter,  arc  sampled 
through  an  orifice,  0. 23  mm  in  diameter  and  0.  076  mm 
in  length,  located  on  the  tip  of  a  stainless  steel  cone  at 
the  end  of  the  reaction  tube.  The  cone  is  maintained  at 
+  4  to  +  1 1  V  with  respect  to  ground  in  order  to  extract 


FIG.  1.  Flowing  afterglow  apparatus  In  the  microwave  discharge  source  configuration. 
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negative  ions  from  the  flowing  afterglow.  The  ions  ex¬ 
tracted  are  focused  by  a  cylindrical  electrostatic  lens 
system  into  the  lens  elements  of  an  ionizer.  These  ele¬ 
ments  then  focus  the  ions  into  an  Extranuclcar  voltage- 
scanncd  quad rupolc  mass  spectrometer.  Tlte  ions  are 
then  mass  resolved  and  detected  by  an  electron  multi¬ 
plier.  A  preamp-electrometer  combination  (not  shown) 
amplifies  the  resulting  signal  and  provides  analog  out¬ 
puts  for  computer  and  oscilloscope  inputs.  The  flow 
tube  is  pumped  by  a  1000  liter  min'1  rotary  pump.  A 
charcoal  trap  in  the  pump  line  converts  fluorine  to  car¬ 
bon  tetrafluoridc15  in  order  to  prevent  mechanical  pump 
degradation  when  fluorine  is  used  as  the  reactant  gas. 

A  molecular  sieve  trap  in  the  pump  line  prevents  the 
back  diffusion  of  hydrocarbons  from  the  mechanical 
pump. 

The  flowing  afterglow  apparatus  was  also  used  in  a 
filament  source  configuration.  The  basic  difference  be¬ 
tween  this  configuration  and  that  shown  in  Fig.  1  is  the 
removal  of  the  microwave  discharge  source  and  the  sub¬ 
stitution  of  a  filament  electron  source.  The  filament  is 
a  thoriated-iridium  ribbon  which  is  spot  welded  to  her¬ 
metic  feedthroughs  mounted  in  the  flow  tube  walls.  The 
anode  is  at  ground  potential  and  mounted  approximately 
1.3  mm  from  the  filament.  Also,  at  this  point  in  time 
a  sintered  glass  disc  was  installed  upstream  of  the 
source  in  order  to  smooth  tiie  buffer  gas  flow  in  the  re¬ 
action  tube.  In  addition,  an  automatic  flow  control  sys¬ 
tem  was  installed  so  that  the  reactant  gas  flow  rate 
could  be  controlled  by  a  computer. 

The  buffer  gas  generally  used  in  those  experiments 
was  argon,  trapped  with  a  dry  ice-acetone  slush,  the 
flow  rate  typically  being  10-25  atm  cm’sec'1.  A  Hast- 
lngs-Raydist  linear  mass  flowmeter  was  used  to  mea¬ 
sure  the  buffer  gas  flow  rate  for  experiments  presented 
in  this  article.  This  buffer  gas  flowmeter  can  be  used 
to  measure  flow  rates  up  lo  155  aim  cm1  see'1  with  an 
accuracy  of  approximately  ±  0. 1%  of  full  scale.  The 
flowmeter  provides  a  5  V  output  signal  at  full  scale  for 
use  with  a  readout  device.  The  buffer  gas  linear  mass 
flowmeter  was  calibrated  for  argon.  The  buffer  gas 
flow  rate  is  maintained  constant  by  regulating  the  back¬ 
ing  pressure  behind  a  fixed  leak.  The  stability  of  the 
buffer  gas  flow  was  found  to  be  within  ±  0. 1%  of  full 
scale  per  hour. 

The  reactant  gas  flow  rate  was  monitored  by  a  second 
Hastlngs-Riydist  linear  mass  flowmeter  for  which  full 
scale  deflection  corresponds  to  0.  64  atm  cm’ sec'1  of 
argon.  A  monel  transducer  was  used  with  this  flow¬ 
meter  In  order  to  permit  the  monitoring  of  corrosive 
gases.  The  flowmeter  was  calibrated  for  argon  since 
most  of  (he  reactant  gas  mixtures  used  in  the  present 
research  consisted  of  at  least  99.8%  argon;  thus,  the 
thermal  conductivity  of  the  mixture  Is  essentially  that 
of  argon.  Conversion  factors  supplied  by  the  manu¬ 
facturer  allow  the  calculation  of  gas  flow  rales  for 
gases  or  mixtures  of  gases  other  than  urgon. 

The  number  density  of  tho  reactant  gas  In  the  flow 
tube  can  be  calculated  from  the  measured  reactant  and 
buffer  gas  flow  rales  and  tho  measured  buffer  gas  pres¬ 
sure  (measured  at  the  center  of  the  reaction  tube  with 


a  MKS  Ha r at r on  capacitance  manometer).  As  a  check 
of  this  method  of  determining  the  reactant  gas  number 
density,  the  change  in  pressure  in  tho  reaction  tube 
may  be  monitored  as  the  reactant  gas  flow  is  varied; 
the  number  density  of  the  reactant  gas  can  then  be  cal¬ 
culated  independently  of  tho  linear  mass  flowmeter  sig¬ 
nal.  The  agreement  between  the  two  techniques  de¬ 
scribed  above  has  been  found  to  bo  within  at  least  9% 
over  the  full  range  of  reactant  gas  flow.  This  indicates 
that  the  use  of  the  linear  mass  flowmeter  technique  to 
determine  the  reactant  gas  number  density  is  valid. 

The  measurement  of  the  partial  pressure  of  tho  injected 
reactant  gas  during  an  actual  experiment  is  not  feasible, 
since  this  corresponds  to  only  about  14  mtorr  for  full 
scale  reactant  gas  flow;  therefore,  a  small  drift  in  the 
reaction  tube  pressure  during  an  experiment  would  in¬ 
troduce  considerable  error.  Such  drift  probably  ac¬ 
counts  for  the  difference  observed  in  the  two  number 
density  measurement  techniques  compared  above,  es¬ 
pecially  since  the  deviations  observed  correspond  to  a 
pressure  of  about  1  mtorr  on  a  buffer  gas  pressure 
background  of  3000  mtorr. 

The  data  acquisition  system  ultimately  developed  dur¬ 
ing  ihe  course  of  this  research  is  shown  in  Fig.  2.  The 
system  is  designed  around  a  Hewlett-Packard  24K,  16- 
bit  minicomputer  and  its  peripheral  devices.  Analog 
signals  proportional  to  experimental  parameters  such 
as  reactant  and  buffer  gas  flows,  buffer  gas  pressure, 
ion  signal,  and  ion  mass  are  converted  to  digital  sig¬ 
nals  by  a  14-bit  analog-to-digital  converter.  A  relay 
register  is  used  to  advance  the  mass  programmer-peak 
switching  hardware.  A  12-bit  digital -to-analog  con¬ 
verter  provides  the  remote  programmed  input  signal 
necessary  to  control  the  automatic  flow  system  hard¬ 
ware.  A  cathode  ray  terminal  is  used  to  give  the  op¬ 
erator  input/output  capability,  A  storage  oscilloscope 
allows  the  operator  to  display  the  ion  signal  as  a  func¬ 
tion  of  the  reactant  gas  flow  at  the  end  of  each  experi¬ 
ment.  The  raw  data  for  each  experiment  is  stored  on  a 
magnetic  disc  system  to  be  reduced  to  a  rate  constant 
at  a  later  time. 

DATA  ANALYSIS 

Mathematical  models  for  the  analysis  of  experimental 
data,  obtained  using  a  flowing  afterglow  system,  have 
been  developed  by  several  authors. The  discus¬ 
sion  presented  below  briefly  outlines  the  development  of 
the  models  used  to  calculate  rate  constants  from  the 
kinetic  data  obtained  in  the  present  research. 

Simple  model 

The  simplest  analysis  of  reaction  kinetics  for  a  flow¬ 
ing  afterglow  system  assumes  that  the  buffer  gas  axial 
velocity  r0  is  independent  of  radial  or  axial  position  in 
the  reaction  tube.  In  this  simple  model,  it  is  also  as¬ 
sumed  that  the  neutral  reactant  gas  is  Injected  uniform¬ 
ly  throughout  Ihe  flow  tube  cross  section  at  «■>  0,  where 
the  t  axis  Is  the  cylindrical  axis  of  the  reaction  lube. 

In  addition,  the  diffusion  of  reactants  and  products  In 
tho  reaction  lube  is  not  considered.  For  net  reactions 
of  the  typo 
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FIG.  2,  Schematic  of  the  cumnuti  r-lnh'i  faced  data  acquisition  system. 


c'hXz-X'  +  X  Xj=  Fj,  Cl*,  Br*  (7) 

rate  equations  may  ho  solved  to  give  the  desired  ex¬ 
pression  for  the  product  urn  number  density 

IX'Hc'.Vll  -expl-'.ix2]/)}  ,  (8) 

where  the  bracketed  symbols  represent  the  number  den¬ 
sities  of  reactants  and  product,  is  the  bunolecular 
rate  constant,  and  jc'j0  is  the  electron  density  for  !  -  0 
(/-Oat  z  -  0,  the  reactant  pas  injection  port  location) 
anti  [Xj]  0.  it  was  assumed  that  [a-]  [f‘]  tor  all  !. 

Equation  (8)  shows  that  the  measurement  ol  [X*]  at  the 
end  of  the  reaetiun  lube  as  a  function  of  (X2|  results  in 
the  determination  ol  the  rate  conslanl  h  if  the  reaction 
time  I  is  known. 

Radial  velocity  profile 

1!  the  planar  velocity  profile  assumption  made  above 
is  true,  tlun  the  time  required  by  any  species  to  transit 
tiit*  reaction  lube  is  given  by 

t-  TtnlI./y  -  l,/r0  ,  (9) 

where  ii  is  the  reaction  tube  radius,  1.  ;s  the  reaetiun 
tube  h-iedli,  .uid  1  is  (Ik1  i'-’i'fer  pus  vnlmi’r  I  low  rale. 
Due  111  frictional  io-ees  at  lie’  w.i!h  ,  t i ■■*  radlai  velocity 
profile  for  the  viscous  flow  ol  pas  in  a  cylindrical  lube 


is  not  planar  but  parabolic.  Neglecting  iho  axial  ve¬ 
locity  gradient  (near  zero  in  the  presenl  research),  the 
radial  velocity  profile  is  given  by 

!■<?)- 2r„(l  -  rVn2)  ,  (10) 

where  r0  is  the  planar  profile  axial  velocity. 

In  order  to  determine  whether  the  radial  velocity  pro¬ 
file  in  till’  flow  tube  used  in  the  present  research  is  pa¬ 
rabolic,  the  tunc  required  for  luns  u>  traverse  the  dis¬ 
tance  (ID. 6  cm)  from  the  reactant  pas  injection  port  to 
the  inn  sampling  orifice  was  determined.  In  the  field 
free,  haul;  pressure  afterglow,  ions  (and  electrons) 
should  travel  down  l lie  flow  tube  at  the  i  ame  rate  as  the 
buffer  pas.  A  comparison  of  nieasund  ion  transit 
times  with  buffer  pas  transit  limes,  calculated  (assum¬ 
ing  u  parabolic  radial  velocity  profile)  from  measured 
buffer  pas  flow  rales,  was  used  to  indicate  the  validity 
of  the  parabolic  velocity  profile  assumption.  Ions,  ex¬ 
tracted  from  llie  afterglow,  were  mom, hired  as  a  fen  ■- 
tion  of  tune  alter  the  application  of  a  positive  potential 
to  a  platinum  probe  inserted  between  Hie  microwave 
discharge  ami  Hie  reactant  pas  injection  port  for  the 
microwave  discharge  source  configuration,  or  alter  the 
application  o',  a  positive  potential  to  the  idamcnt  fe>r  the 
111.'. meet  -.oiiree  conligurution.  The  lime  required  tor 
charged  species  at  r  0  to  travel  down  the  liow-  tube 
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from  the  point  of  disturbance  to  the  ini,  samplin'.;  orifice 
was  determined  by  noting  the  tin  e  at  which  tin  ion  sig¬ 
nal  decreased  sharp; y  clue  to  the  depletion  of  charged 
species  by  the  punitive  pnlenlial  applied  to  the  probe  or 
filament.  Figure  3  shows  the  results  of  a  series  of  ion 
transit  time  measurements  versus  buffer  pas  pressure 
for  the  flowing  aft;  rglow  in  the  filament  and  mil  row.ive 
discharge  sotiree  configurations.  The  expected  ion 
transit  times  fur  the  lien  radial  velocity  pretties  dis¬ 
cussed  above  are  represented  by  a  daubed  line  for  the 
planar  profile  and  a  solid  line  for  the  parabolic  profile. 
These  expected  ion  transit  limes  were  calculated  us i up 
Eq.  (9)  for  the  planar  profile  and 

t  -  L/sir-0) ---n2I.,  F  (11) 

for  tho  parabolic  profile.  The  measured  ion  transit 
limes  arc-  much  smaller  than  those  expected  tor  even  a 
parabolic  radial  velocity  profile  \wth  the  flowing  afler- 
plau  apparatus  in  tin*  microwave  discharge  source  con¬ 
figuration,  This  may  ho  a’tribuli-J  lo  t!ir  vaon.vliv  of 
the  present  flow  lube  when  in  the  r.iirrow.ive  discharge 
source  configuration.  The  microwave  discharge  pro¬ 
duces  ions  and  elect  rar.s  in  the  buffer  cas  in  a  quartz 
tube  \wth  an  in:  diameter  of  !c:  t>  than  1.  12  tm.  The 
buffer  lias  is  pumped  thmucji  this  lube  into  the  ili»w  tube, 
v  hie  h  lias  an  inner  diaimh'r  of  ?.  ri7  nn .  Due  to  tins 
arrangement  (he  buffer  y,as  it-nd:;  U>  slre.im  thn.nr.Ji  the 
center  oi  the  flow  lube  at  a  velocity  hic.lu  r  than  pre¬ 
dicted  by  .1  parabolic  v«  loeily  protih..  In  adiiiti.m,  the 
Velocity  ot  the  buffer  i;as  uut  side  tins  central  filament 
will  be  »ess  Ilian  predicted  from  ilu  parabolic  r.i.bal  ve¬ 
locity  profile  model.  At  this  ]Hiint  ihe  ilevelopmeni  of  a 


mathematical  model  fur  the  flowing  aflorglow  apparatus 
in  the  microwave  discharge  cunt i;*,iu  tliun  could  i.o  long¬ 
er  he  pursued,  since  the  radial  profile  for  the  Inillcr 
gas  velocity  could  not  be  determined.  Therefore,  tho 
equation  used  to  reduce  data  obtained  with  the  micro- 
wave  discharge  source  was 

(X“]  =  [<’‘]0{l  -  cxp(-  /."(X-J/  ')'i  ,  (12) 

where  /'  is  the  measured  ion  reaction  tube  transit  time. 
In  crtlor  to  avoid  the  flow  problem  described  above , 
previous  researchers  have  found  it  necessary  to  make 
their  flow  tubes  long  enough  lo  allow  a  parabolic  velocity 
profile  lo  develop1'-1  or  to  smooth  the  buffer  pas  flow  with 
a  sintered  glass  elisc  placed  in  the  flow  channel  up¬ 
stream  of  the  reaction  region.3  The  latter  solution  was 
employed  in  the  present  research.  This  necessitated 
the  location  uf  tin-  electron  source  downstream  from  the 
sintered  class  disc.  Thus,  at  this  point  the  apparatus 
was  converted  to  the  filament  electron  source  previous¬ 
ly  described.  As  shown  in  Tig.  3,  ion  transit  times 
calculated,  assumin'.',  a  parabolic  velocity  profile,  lrom 
measured  buffer  gas  volume  flow  late.;  are  in  good 
agreement  with  measured  ion  transit  times  lor  the  flow¬ 
ing  allergluw  apparatus  in  the  filament  source  configura¬ 
tion.  This  indicates  that  the  siniered  g'ass  disc  in¬ 
stalled  ir,  the  (low  tube  is  eifectivo  ii,  .-.mcc  .linv  the  but¬ 
ler  gas  flow  (that  is,  in  establishing  a  parabolic  i,  iocity 
profile  m  the  flow  tube). 

Radinl  diffusion 

In  order  lo  include  the  radial  diffusion  of  '.lie  product 
ions  in  the  mathematical  model  hem'.;  developed,  liio 
transport  equation11’  for  these  ions,  produced  by  dis¬ 
sociative  electron  attachment  in  the  flowing  afterglow 
reaction  tube,  must  be  solved. 

2r0u  -  r!,v>  4X  •]  is  U7..V)HraiX  -J/UJ-),  flr,  '■[<•-]  [Xs], 

(13) 

wlicce  the  left  side  represents  the  lime  rate  of  change 
ol  the  negative  ion  concentration,  the  first  term  on  the 
right  represents  1 1:**  negative  ion  concentration  change 
due  lo  radial  diflusion,  and  the  second  term  the  nega¬ 
tive  ion  production  rate  from  the  attachment  reaction. 

77.  is  the  negative  ion  diffusion  coefficient.  However, 
before  a  solution  for  this  equation  ran  be  found,  a  simi¬ 
lar  transport  equation  fur  the  electron  density  must  be 
solved: 

2f(,(l  -  rl.'fi")3lr').-  9?  =  (75e/)  ).'i(>-a[r*J/D)').  to- -  t'ir'i  [X2j , 

(14) 

where  the  left  side  represents  Hie  Wn.o  ''ate  of  change 
ol  the  electron  density ,  tlx  first  u  i  in  ..n  the  right  rep¬ 
resents  the  electron  coiucn;  ration  change  due  to  radial 
diflusion,  and  the  S'-cunci  term  represents  the  election 
loss  rate  due  to  the  electron  nit.u  hnu'r.t  reaction,  1\, 
is  Hie  electron  diflusion  coefficient.  Equation  (14'  has 
been  solved  by  (Tier  and  Hollingsworth, 3  and  its  solution 
is  given  by 

i.'-]  -  Coxpy  (7i,r  /.{Xj)',-.  2e„} 

v.-xpy-  JV>2.  Timl.r.ii  -  ,d,  1,  ,1.x  r2/«*)  ,  (15) 

where 
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A*  =  A*  +  <,/.« *1X21/77, -Cj k VlX*]7i>J  ,  (1G) 

p--\*Lal[Xt]  'l>l  ,  (17) 

Where  Ag  -  7.  3420,  <,  0.2372,  <2  ^  0.00150,  ,(.'  -  1  X/ 

/3,  1  ;/3X>  J/oa)  is  a  confluent  hypergeomcl ric  function, 
and  C  is  a  constant.  Now  that  a  solution  has  been  ob¬ 
tained  (or  the  electron  density  in  the  flow  tube,  this  so¬ 
lution  must  be  substituted  into  If q.  (13)  and  an  expres¬ 
sion  for  [X‘]  found.  It  is  obvious  at  this  point  that  ob¬ 
taining  an  exact  analytical  expression  for  the  negative 
ion  number  density  is  impossible  due  to  the  intractabil¬ 
ity  of  Eq.  (13)  upon  substitution  of  the  expression  de¬ 
rived  for  the  electron  number  density.  Therefore,  the 
assumption  is  made  that  since  the  present  experiments 
measure  only  the  axial  variation  of  the  products,  only 
the  solution  of  lap  (1-1)  at  r-  0  is  necessary.  The  axial 
variation  of  the  electron  density  may  now  be 

lc*J  -  [C],  {e\p( -  0.  cmlXik'i .)}  ,  U0) 

where  [e*]0  is  the  electron  density  at  r-  0  ami  >  I.  (at 
the  ion  s.unpling  orifice)  for  (x2J :  0.  The  third  term  in 
La,.  (1G)  has  been  dropped  since  it  is  not  significant  in 
the  present  experiments.  Liquation  (18)  applies  only  to 
the  electron  density  at  >  -  0,  that  is,  on  the  flow  lube 
axis.  Therefore,  the  substitution  ol  l.cp  (18)  into  Lq. 
(13)  and  the  subsequent  solution  of  lap  (13)  to  yield  an 
expression  [X'j  •/(>',  <)  is  meaning  less.  Therefore,  it 
is  further  assumed  that 

Ix’Mr’Jo-lr-)  ,  09) 

i,  c, ,  that  the  difference  between  the  electron  number 
density  al  r-0  and  z  L  with  [xj  -  U  (tli.il  is,  [c*]0)  and 
the  electron  number  density  at  >•  -  0  and  i  =•  1.  with  iX2j 
*0  (that  is,  [,**])  is  due  to  the  formation  of  negative  ions 
which  undergo  negligible  radial  diffusion  in  their  ir.insit 
through  the  reaction  lube.  Substitution  of  lap  (19)  and 
z-L  into  Eq.  (18)  then  yields 

[x*]  =  [floO  -  cxp(-  0.  G19'.i.v;J  L/vb))  ,  (20) 

which  is  applicable  to  (lie  flowing  afterglow  apparatus 
in  the  filament  source  configuration.  The  validity  of 
this  equation  was  tested  by  measuring  known  reaction 
rates. 


The  mathematical  models  derived  above  do  nol  lake 
into  account  pressure  gradients  in  I  lie  flow  tube  or  the 
axial  diffusion  of  charged  species.  These  factors  would 
result  m  only  small  corrections  to  Pap  (20).  Other 
factors  which  may  be  significant  in  the  analysis  of  ex¬ 
perimental  data  include  corrections  (or  nonunifonn  re¬ 
actant  gas  injection  and  variation  of  the  electron  diffu¬ 
sion  coefficient  (assumed  lo  be  constant  above)  with  the 
reactant  gas  number  density.11 

Data  reduction 

In  the  present  experiments  Eqs.  (12)  and  (20)  were 
used  to  reduce  experimental  data,  obtained  with  the  mi¬ 
crowave  discharge  ..r.<i  lilar.icr.l  source  conligurjlimix, 
respectively,  lo  dissociative  attachment  rate  constant!,. 
The  data  were  fit  to  these  equations  using  the  technique 
discussed  in  the  first  section  of  a  paper  by  Curl,10  m 
which  the  nonlinear  parameters  ( /.*  in  this  ease)  are  lin¬ 
earized  by  using  a  Taylor  series  approximation.  With 
this  procedure,  initial  guesses  must  hr  made  for  un¬ 
known  parameters;  through  successive  iterations,  the 
values  of  these  parameters  converge  to  the  true  values. 
However,  if  the  initial  guesses  for  these  parameters 
.ire  not  reasonable,  the  successive  iterations  may  di- 
veige  and  im  solution  will  be  found.  In  order  to  over¬ 
come  this  limitation  and  to  curve  fit  data  to  more  com¬ 
plex  equations,  where  the  Taylor  series  approximation 
requires  the  initial  guesses  to  be  quite  near  the  true 
values  (tor  example,  in  the*  case  of  several  nonlinear 
para nu  ters),  the  technique  of  Hecsi  y  ft  til.  19  was  used. 
This  technique  uses  a  grid  search  method  to  locate  the 
values  of  l l-.c*  unknown  parameters  "bi'li  yield  die  mini¬ 
mum  sum  of  the  squares  of  the  deviation. 

RESULTS 

As  previously  mentioned,  experiments  using  flic  flow¬ 
ing  afterglow  apparatus  with  both  a  microwave  dis¬ 
charge  electron  source  and  a  filament  electron  source 
have  been  completed.  Thus,  the  experimental  results 
will  be  presented  under  these  two  headings.  The  rate 
constants  measured  in  Hu*  present  research  arc  sum¬ 
marized  m  Table  II. 
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Microwave  dischmge  electron  source 

Several  authors  have  shown  that  elect  ions  arc  rapidly 
lliernuilized  in  (lomnc  attet  glow  environment. 1,“n  In 
the  present  research  the  only  experimental  procedure 
used  to  actually  estimate  the  electron  temperature  in 
the  flowing  afterglow,  downstream  of  the  ch'ctron 
source,  was  basal  on  tin-  measurement  of  the  ratio  of 
SFj  to  SI'J  ton  currents  when  sulfur  hexafluoride  v.as  in¬ 
jected  at  the  neutral  reactant  port.  This  ratio  has  been 
shown  by  other  investigators  to  be  strongly  dependent 
on  electron  energy. 1,20,21  The  SFJ/SFj  ratio  (~  0.  2) 
measured  here  Indicates  an  average  electron  tempera- 
turn  of  approximately  COO  K  when  the  ratio  is  compared 
to  the  data  of  F  ehsrnfokl,1  w  ho  determined  this  ratio  as 
a  function  of  electron  temperature  in  a  flowing  afterglow 
apparatus. 

In  order  to  detennine  whether  attach:, u  r.t  rate  ton¬ 
sillitis  measured  with  the  flowing  afurglow  system  in 
the  microwave  (list  hari'.c  electron  source  eonia./j ration 
wore  reliable,  the  total  attachment  rate  constant  for 
electrons  in  sulfur  hexafluoride  was  measured.  The 
rate  constant  lor  this  attachment  reaction  is  so  large 
that  pure  sulfur  hexafluoride  c.inr.m.  la:  injected  into  the 
afterglow  without  cpnmi  l.iiu,  it,  tha,  is,  lmiin  di  g.-,  ly  at¬ 
taching  ail  free  electrons,  dims,  mixtures  of  sullur 
hexafluoride'  with  argon,  which  were  in  iho  conct  nlra- 
lier  range  0.  1  to  0.901'^  sulfur  krxof  luondc,  were  used 
in  these  experiments.  These  mixtures  were  i.tueie  using 
a  MKS  I’aratron  capacitance  manciueter  (o  measure  the 
partial  pressure  of  sulfur  hexafluoride  and  the  total 
.  rrsMitc  of  the  pas  mixture.  Jr.  the  experiments  utiliz¬ 
ing  the  microwave  discharge  source,  the  lotal  product 
ion  signal  (the  sum  of  bFj  and  SF")  was  monitored  as  a 
function  of  the  sulfur  hexafluoride-  flow  rate  into  the 
afterglow.  The  average  Value  obtained  for  the  loi.il  at¬ 
tachment  rate  constant  is  4.  2*  1,  1  xlO'5  cun3  molecule*1 
sec*1  for  an  electron  temperature'  cf  about  000  7C. 

In  order  to  make  ac  curate  kinetic  measurements  in  a 
flowing  afterglow  system,  downstream  sources  of  elec¬ 
trons  must  be  t  (-moved  to  ensure  that  all  e  lec  trons  in 
the  flow  tube  have  the  same  time  to  react  with  the  in¬ 
jected  pas;  that  is,  no  electrons  should  be  produced 
downstream  of  the  reactant  gas  injection  port.  One  pos¬ 
sible  source  of  elec  Irons  in  the  reaction  tube  is  Penning 
ionization.  This  is  not  a  problem  in  the  sulfur  hexa¬ 
fluoride  read  ion  studies,  since  the  energies  of  the  argon 
liic-tn. stable  atoms  ( 1 1 .  54  and  1  1 . 72  eV  )  are  less  than 
tin:  ionization  potential  of  sulfur  lirxaiHmrule  (Hi.  10 
cY Another  possible  mechanism  for  the  production 
o'  electrons  by  nut  ns!  able  aloms  has  been  Suggested  by 
Diomli.  ~4"'i  l  lie  reaction 

Ar"<  Ar"-An  Ar'  +  r*  (21) 

is  energetically  possible,  since  il".,»r)  2/'(Ai  ’).  Be¬ 
cause  of  the  possibility  of  tins  niftaslable-iia -las labl- 
react  ion,  i  xpei  iir.riil  s  were  coiaiiu w-.i  in  which  mi  roam 
was  injected  into  the  auia  glow,  up  .1  ream  uf  tlu-  i  t -ac¬ 
tion  lube.  Tin  ad  i.  d  nitrogen  removi  s  in-  bistable 
atoms  by  ila  reach  u: 

Ar(!;x)-N,(.Y  ,.\,)-N;(r3llll)  ■  A.C-S'J  ,  (22) 


followed  by  radiative  emission  of  llie  exc  ited  nitrogen 
product  ( C 5 1 i „  —  /-"'ll,).  The  cade  constant  for  this 
f|Ueiiclnng  reaction  has  been  measured*'  (0.  3  x  10"10 
cm3  molecule*1  sec*1 )  and  found  tu  be  large  enough  that 
the  injection  of  oven  a  few  mtorr  cf  nitrogen  into  the 
afterglow  should  deplete  the  mc-tastable  atom  concon- 
t  rat  ion  by  several  orders  of  magnitude  before  the  re¬ 
actant  gas  is  injected.  The  results  listed  in  Table  II  for 
sulfur  hexafluoride  include  experiments  in  which  nitro¬ 
gen  was  injected  as  a  met. cstable  atom  quei'Chant.  Con¬ 
sidering  the  sc  atter  m  the  data,  there-  is  no  .significant 
difference  between  the  average  electron  attachment  rate 
constant  for  experiments  using  Iho  quc-nchant  (fc-4.6 
;  1.3>  10“  enr  molecule*’ se-c*1)  and  that  lor  experi¬ 
ments  not  using  a  cm-  -iichanl  (/.-  -  3.  9 :  0.9  -  10*1,  cm3  inole- 
culo*1  sec*1).  Thus,  it  does  not  appear  t li.it  iho  meta- 
6tah!e-inctasl.ili!e  i  (-action  is  an  tinpoiTaul  source-  of 
electrons  in  the  present  research. 

.As  previously  stated,  electrons  under  m  a  dissocia¬ 
tive  ah  acini. cut  reaction  m  fluorine  to  form  a  negative 
ion  and  an  atom  [see  !Y|,  (3)],  A  0.  005  .  fluorine-  hi  ar¬ 
gon  gas  mixture  was  injected  into  llie  aiterglow  in  order 
to  determine  the  dissociative  electron  attachment  rale 
constant  for  fluorine.  This  gas  mixture,  nomm.dlv 
0.  )i,  was  purchased  from  Matlu-son  Ga:  Products  anti 
analyzed  using  a  tnpl-.cnyl  tin  fluoride  hvhnioue.  The 
average  value  obtained  for  the  bituolcc-ular  rate  con  ¬ 
stant  for  the  dissociative  attachment  of  electrons  in 
fluorine  is  -l.fiu  1.  2xl0*J  cm3 molecule*’  sec*1  for  an 
electron  temperature  of  approximately  000  K.  Since 
the  ionization  potential  of  fluorine  (10.  G  eV21)  is  great¬ 
er  than  i!.-.-  energv  oi  Pie  argon  nn-tnsi  able  atoms,  l’en- 
ning  ionization  will  not  bo  a  possible  downstream  source 
of  electrons.  Therefore,  no  iiiclast able  atom  qvicm-luml 
was  injected  into  the  afterglow  for  liie  lluorinc  experi¬ 
ments. 

In  the  process  of  d(  Hi  mining  whethor  the  present 
flowing  afterglow  system  could  be  used  to  obtain  reli¬ 
able  kinetic  data,  the  rate  constant  for  the  charge  trans¬ 
fer  reaction  L-ctw ecu  FlY,  and  0[  was  measured.  This 
charge  transfer  reaction  is  particularly  suitable  for 
testing,  the  flowing  aiterglow  system,  .s'.iict’  the  reaction 
rate  is  so  slow  tint  pure  sulfur  liex.it luorid-.-  may  be-  in¬ 
jected  into  the-  afterglow  in  order  lo  study  the  reaction. 
This  eliminates  possible  errors  which  arise  in  making 
reaetniit/dilueni  mixtures,  in  addition,  the  rate'  con¬ 
stant  for  tins  reaction  Ins  been  measured  previously 
using  a  flowing  afterglow  teclini-raie. 8  In  making  these 
measurements,  helium  was  used  as  the  buffer  gas  and 
oxygen  was  injected  into  -he  afterglow  b-jlu  lo  remove 
helium  mi  last, idle  atoms  and  lo  produce  Oi  ions,  I  u- 
dc-r  II. one  conditions,  the-  he  lium  aid  .e.Sahlc  atoms  are 
removed  by  the  Penning  ionization  reaction 

Hc-t  0;— Hi'tOji  <*  .  (23) 

The  Oj  ions  are  formed  by  the  three- body  attachment 
reaction 

UaUi  -  e*  —  Oi  -  Oz  .  (24) 

Sidfur  lie'.u itiori  do  was  n-.ji-eled  into  tlu-  afterglow  down- 
si  l  earn  of  li  t  oxygen  inlet  pol  l  an  t  llie  decay  of  the  Oj 
ion  signal  was  monitored  as  a  fund  inn  of  the  sulfur 


Sides,  Tiernan,  and  Hanrahan:  Dissociative  attachment  rate  constants 


1973 


hexafluoride’  flow  rate  as  determined  l>v  a  linear  mass 
flowmeter.  The  average  value  obtained  for  the  bimo- 
lccular  rate  constant  *  for  the  SFr,/o:  charge  t  ransfer 
reaction  is  3.  7±  0.  4  x  10*u  cm3  molecule*' sec*1  for  an 
Oj  ion  temperature  of  about  300-325  °K  (approximately 
the  temperature  of  the  buffer  gas  in  the  flow  tube). 

Filament  electron  source 

When  sulfur  hexafluoride  was  injected  into  the  flow¬ 
ing  afterglow  apparatus  in  the  filament  source  configu¬ 
ration,  the  SFJ  signal  levels  were  so  low  that  they  could 
not  be  extracted  from  the  noise  (~  5  mV).  Even  for  ex¬ 
periments  in  which  the  system  sensitivity  was  fairly 
high  (~  5  V  SFJ  signal),  no  SFj  signal  could  be  observed. 
Therefore,  it  is  assumed  that  the  SFJ/SFJ  ratio  is  less 
than  10*5  (the  smallest  detectable  ratio).  This  corre¬ 
sponds  to  an  average  electron  energy  of  less  than  350  °K 
when  this  ratio  is  compared  to  the  data  of  Fchsenfcld.7 
The  lower  electron  energy  estimate  for  the  filament 
electron  source  configuration  compared  to  the  micro¬ 
wave  discharge  electron  source  configuration  is  not  un¬ 
reasonable,  since  a  microwave  discharge  results  in  a 
greater  healing  of  the  buffer  gas  with  which  the  elec¬ 
trons  are  in  equilibrium. 10  In  addition,  the  incidence 
of  superelastic  collisions,  which  tend  to  increase  the 
average  electron  energy,  between  electrons  and  meta- 
stable  atoms  is  greater  in  a  microwave  discharge  after¬ 
glow  due  to  the  higher  metastable  atom  densities. sa 

A  series  of  nineteen  determinations  of  the  rate  con¬ 
stant  for  the  attachment  of  thermal  electrons  in  sulfur 
hexafluoride  were  made  using  the  flowing  afterglow  sys¬ 
tem  in  the  filament  source  configuration.  The  average 
value  obtained  for  the  rate  constant  /.'  is  3.  6  ±  1. 8  x  10'8 
cm3  molecule*'  sec*'  for  an  electron  temperature  of 
about  350°K.  II  has  been  shown  that  flowing  afterglows 
with  a  filament  electron  source  have  a  lower  mctastnble 
atom  density  than  those  with  a  microwave  discharge 
source. 28  Therefore,  no  experiments  were  done  in 


FKI.  4.  Fluoride  ton  signal  as  a  function  of  fluorine  Injection 
rate  for  dissociative  electron  attachment  In  fluorine  (filament 
source). 


FIG.  G.  Chloride  Ion  signal  as  a  function  of  chlorine  Injection 
rate  for  dissociative  electron  attachment  In  chlorine  (filament 
source). 


which  a  met  as  tabic  atom  qucnchant  was  injected  into  the 
afterglow,  since  the  experiments  with  a  microwave  dis¬ 
charge  source  configuration  indicated  that  argon  meta¬ 
stable  atoms  were  not  a  significant  downstream  source 
of  electrons. 

The  study  of  dissociative  electron  attachment  in  fluo¬ 
rine,  using  the  filament  source,  yielded  a  rate  constant 
h  equal  to  3. 1  *  1. 2xl0*9  cm1  molecule*’  sec"1.  A  sam¬ 
ple  of  the  data  obtained  is  shown  in  Fig.  4;  the  solid 
line  is  the  least  squares  curve  fit. 

The  dissociative  attachment  rate  constant  for  elec¬ 
trons  in  chlorine  was  also  measured  using  the  filament 
electron  source.  Both  the  Cl*  (»»/<•=  35)  and  the  Cl* 
(m/c-  37)  Isotopes  were  monitored  in  these  experi¬ 
ments.  The  rate  constants  obtained  for  this  reaction 
are  3. 7  i  1. 8  x  10*“  cm*  molecule*1  sec"1  for  the  mass  35 
isotope  and  3. 7 1 1. 7  x  lo*9  cm3  molecule*1  sec*1  for  the 
mass  37  isotope  for  an  electron  temperature  of  approxi¬ 
mately  350 °K.  Figure  5  illustrates  the  results  of  a 
typical  chlorine  experiment.  The  solid  lines  arc  the 
curve  fits.  The  chlorine/argon  ratio  in  mixtures  made 
for  these  experiments  was  determined  by  measuring  the 
chlorine  pressure  and  the  total  pressure  of  the  mixture 
during  preparation  with  a  capacitance  manometer. 

The  study  of  dissociative  electron  attachment  in 
bromine 

e*+Br2r*(BrJ)*-Br*+Br  (5) 

is  complicated  by  the  occurrence  of  three  other  reac¬ 
tions  when  bromine  is  injected  into  the  afterglow 

Ar"+Brj-BrJ  +  Ar  +  c*  ,  (25) 

Br*  +  Brt  +  Ar  -  BrJ  +  Ar  ,  (6) 

Ar"-t  Brs  -  Br*+  Br*  +  Ar  .  (20) 

The  Injection  of  a  metastablc  atom  qucnchant,  such  ns 
nitrogen,  Into  the  afterglow  eliminates  the  Penning  ion¬ 
ization  and  pair  production  processes  (represented  by 
Eqs.  (25)  and  (20),  respectively),  l’hc  data  obtained  In 
Iho  present  experiments  then  depend  only  on  Che  two  re- 
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FIG.  C.  Bromide  ion  signnl  as  a  function  of  bromine  Injection 
rate  for  IirJ  formation  in  bromine  (filament  source). 


actions  represented  by  Eqs.  (5)  and  (G).  The  study  of 
this  system  was  then  conducted  under  two  different  con¬ 
ditions:  the  injection  of  a  high  concentration  of  bromine 
so  that  only  the  reaction  represented  by  Eq.  (G)  had  to 
be  considered  in  the  reduction  of  data  and  the  injection 
of  dilute  bromine  so  that  only  the  dissociative  electron 
attachment  reaction  represented  by  Eq.  (5)  is  impor¬ 
tant.  For  the  high  concentration  experiments,  pure 
bromine  was  injected  into  the  afterglow.  For  the  low 
concentration  experiments,  bromine/argon  mixtures 
were  injected.  These  mixtures  were  prepared  using  a 
MKS  Baratron  capacitance  manometer  to  measure  the 
bromine  pressure  and  the  total  pressure  of  the  mixture 
during  preparation.  Figure  6  illustrates  the  data  ob¬ 
tained  when  pure  bromine  was  injected  into  the  after¬ 
glow.  The  solid  line  represents  a  least  squares  curve 
fit  of  the  Br*  signal.  The  rate  of  bromine  injection  was 
so  rapid  that  only  the  reaction  represented  by  Eq.  (G) 
was  observed.  The  average  rate  constant  obtained  for 
the  formation  of  BrJ,  determined  by  monitoring  the  dis¬ 
appearance  of  the  Br*  signal,  is  1.  9±  0.  5  x  10*29  cm8 
molecule*2  sec’1  for  a  Br'  ion  temperature  of  about 
300 °K  (approximately  the  buffer  gas  temperature).  Brj 
was  not  monitored  since  its  mass  exceeded  the  upper 
mass  limit  of  the  mass  spectrometer  used  in  these  ex¬ 
periments.  Figure  7  illustrates  the  data  obtained  in  an 
experiment  for  which  the  bromine  injection  rate  was  so 
small  that  only  the  reaction  represented  by  Eq.  (5)  oc¬ 
curs.  The  average  rate  constant,  obtained  in  the  pres¬ 
ent  research,  for  the  dissociative  attachment  of  ther¬ 
mal  electrons  in  bromine  is  1. 0± 0. 0x  10*11  cm3 mole¬ 
cule*1  sec*1  for  an  electron  temperature  of  about  350  ®K. 

The  rate  constants  listed  in  Table  II  were  measured 
at  various  buffer  gas  pressures.  No  buffer  gas  pres¬ 
sure  dependence  was  observed  fur  any  of  the  bimolccu- 
lar  rate  constants  determined  in  the  present  research. 
This  is  expected  in  view  of  the  limited  pressure  range 
ami  relatively  high  pressures  of  the  present  experi¬ 
ments. 


DISCUSSION 

The  first  two  reactions  listed  in  Table  II  were  inves¬ 
tigated  in  order  to  determine  whether  rate  constants 
measured  in  the  present  flowing  afterglow  apparatus 
are  reliable.  The  rate  constant  (3. 6±  1. 8  x  10**  cm3 
molecule*1  „**  for  an  electron  temperature  of  about 
350 ''K)  measured  for  the  attachment  of  electrons  to  sul¬ 
fur  hexafluoride  is  approximately  a  factor  of  5  to  8 
smaller  than  the  rate  constant  measured  by  Fehsenfeld1 
(2.  21x10’'’  cm1  molecule*1  sec*1  for  an  electron  tem¬ 
perature  of  289  °K)  in  a  flowing  afterglow  apparatus  and 
by  other  researchers11*'14  using  various  techniques 
(2. 14-3.  lxlO*1  cm3  molecule"1  see*1  for  an  electron 
temperature  of  300  'TO.  This  agreement  indicates  that 
electron  attachment  rate  constants  measured  in  the 
present  research  arc  reasonable.  The  discrepancy  be¬ 
tween  the  present  result  and  other  reported  data  may  be 
attributed  to  several  factors  not  considered  in  the  mod¬ 
el  used  in  the  present  study  to  reduce  experimental 
data  to  rate  constants.  Such  factors  include  the  varia¬ 
tion  of  the  electron  diffusion  coefficient  with  changes  in 
the  reactant  gas  injection  rate,  nonuniform  reactant 
gas  injection,  and  product  ion  radial  diffusion. 

As  noted  previously,  prior  to  the  present  work,  no 
electron  attachment  rate  data  had  been  reported  for 
fluorine.  The  present  results  represent  the  first  mea¬ 
surement  of  the  rate  constant  for  dissociative  attach¬ 
ment  of  thermal  electrons  in  fluorine.  The  fact  that 
this  reaction  is  rapid  has  significant  implications  for 
the  development  of  hybrid  chemical  lasers  utilizing 
fluorine.  One  important  application  of  this  data  is  in 
the  modeling  of  an  electron-beam  initiated  HF  chemical 
laser  system.  Recent  work  lias  suggested  that  the  pro¬ 
duction  of  F  atoms  by  the  dissociative  attachment  of 
thermal  electrons  to  fluorine  is  the  most  important  F 
atom  generation  mechanism  for  such  a  laser  device, 2# 
The  present  results  confirm  the  importance  of  this  re¬ 
action. 

The  rate  constant  measured  in  the  present  research 


FIG.  7.  llromido  ion  signal  us  n  function  of  bromine  Injection 
rule  for  dissociative  electron  nttnehment  in  bromine  (flhunont 
source). 
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for  the  dissociative  attachment  of  near  the.-nial  elec¬ 


trons  in  chlorine  is  approximately  a  factor  of  12  larger 
than  the  result  reported  by  Christodoulides  cl  til.* 
shown  in  Table  I.  However,  the  values  or  the  rate  con¬ 
stant  measured  for  this  reaction  by  those  authors  range 
from  0.  27  x  10  9  to  2.  2  x  10"9  cm3  molecule"1  sec"1  for 
thermal  energy  electrons.  In  view  of  this  scatter  and 


the  spread  in  the  rate  constant  measured  in  the  present 
research  (3.  7  ±  1. 8  x  10*9  cm3  molecule"' sec"),  the 
agreement  between  the  two  measurements  is  considered 
to  be  reasonable. 


The  thermal  electron  attachment  rate  constant  mea¬ 
sured  for  bromine  in  the  present  research  is  a  factor  of 
13  larger  than  that  obtained  by  Truby8  in  a  static  after¬ 
glow  experiment  (shown  in  Table  I).  However,  the  stan¬ 
dard  deviation  for  the  rate  constant  measured  in  the 
present  research  is  large.  In  addition,  the  rate  con¬ 
stant  for  electron  attachment  in  bromine  has  been  shown 
to  increase  with  increasing  electron  temperature. 30 
Thus,  since  the  electron  temperature  in  the  present 
flowing  afterglow  (350 'K)  is  larger  than  the  electron 
temperature  in  Truby’s  static  afterglow  (29G'1K),  the 
measured  rate  constant  is  expected  to  be  larger  than 
Truby’s  result.  The  rate  of  the  three-body  formation 
of  BrJ  in  which  argon  is  the  third  body  has  not  been  re¬ 
ported.  The  rate  constant  measured  in  the  present  re¬ 
search  (1. 9± 0. 5xl0"28  cm8 molecule*1  sec*’)  in  larger 
than  that  measured  by  Truby31  for  the  corresponding  re¬ 
action  in  which  bromine  is  the  third  body  (2.  9xl0"29  cm8 
molecule"'  sec"'). 


The  relatively  large  rate  constants  determined  for  the 
attachment  reactions  in  fluorine  and  chlorine  obviously 
indicate  that  these  molecules  are  efficient  scavengers 
of  thermal  electrons.  Recent  studies  of  the  energy  de¬ 
pendence  of  electron  attachment  in  chlorine  by  other 
workers32  have  demonstrated  the  existence  of  a  broad 
maximum  in  the  attachment  cross  section  at  ~  0.  25  eV. 
Christodoulides  cl  al . 5  suggest  that  the  low  energy  at¬ 
tachment  process  involves  formation  of  a  vibralionally 
excited  temporary  negative  ion  state,  CK(2S‘),  lying 
about  1. 1  eV  below  the  ground  state  of  the  neutral  mole¬ 
cule.  This  state  then  leads  to  the  dissociative  products. 
This  picture  is  consistent  with  the  potential  energy 
curves  for  ClJ  calculated  by  Gilbert  and  Wahl33  which 
show  the  Clj(2il‘)  curve  crossing  the  C12('SJ)  curve  in 
the  region  of  the  well  minimum  of  the  neutral.  Pre¬ 
sumably  a  similar  situation  exists  for  the  F,  and  the  FJ 
potential  curves,  but  little  potential  energy  curve  data 
Is  available  for  cither  the  F2  or  for  the  Br4  system. 
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The  rate  constant  for  the  dissociative  attachment  of 
thermal  electrons  (300-350  ”K)  to  xenon  difluoride  has 
been  measured  using  a  flowing  afterglow  technique, 
which  was  described  in  a  previous  publication.1  The 
data  presented  here  have  possible  applications  in  the 
development  of  discharge-sustained,  rare  gas-halide 
lasers2"1  and  in  the  development  of  electron-beam 
initiated  HF  laser  systems.5,6 

Xenon  difluoride  is  a  white,  crystalline  solid  at  room 
temperature  and  has  a  vapor  pressure  of  3. 10  torr  at 
293.2  K.7  The  xenon  difluoride  used  in  the  present 
experiments  was  analyzed  using  mass  spectrometric 
techniques.  No  significant  impurities  were  detected. 


rate  constants  since  the  same  rate  constant,  within 
experimental  error,  was  obtained  at  0.8  torr  and  2 
torr  for  the  reaction  reported  here. 

In  several  experiments,  an  argon  metastable  atom 
quenchant,  nitrogen,  was  injected  into  the  afterglow 
in  order  to  determine  whether  metastable  atoms  might 
be  interfering  with  the  measurement  of  the  electron 
attachment  reaction  by  acting  as  a  downstream  source 
of  electrons.1  There  is  no  significant  difference  be¬ 
tween  rate  constants  measured  with  a  quenchant  and 
those  measured  without  a  quenchant.  Therefore,  meta¬ 
stable  atoms  did  not  interfere  with  the  present  rate 
constant  measurement. 


The  results  of  the  present  rate  constant  measurement 
are  shown  in  Table  I.  The  average  rate  constant  ob¬ 
tained  for  the  reaction 

XeF2  +  c"  —  F"  +  products  (1) 

is  2. 4  i  1. 1  x  10'9  cm3  molecule'1  sec'1. 

During  the  course  of  the  present  experiments,  sam¬ 
pling  problems  arose  with  the  use  of  a  stainless  steel 
cone  through  which  ions  arc  sampled  from  the  after¬ 
glow.  The  ion  signals  obtained  from  the  flow  tube 
were  somewhat  unstable  and  sensitive  to  the  contamina¬ 
tion  of  the  stainless  steel  surface.  The  stainless  steel 
cone  was  then  replaced  with  a  molybdenum  cone  as 
suggested  by  Ferguson  et  nl.s  The  data  shown  in 
Table  1  include  experiments  performed  using  both  sam¬ 
pling  cone  materials.  The  improvement  in  the  standard 
deviation  of  the  results  with  the  molybdenum  cone  is 
obvious. 

After  the  replacement  of  the  stainless  steel  cone 
with  the  molybdenum  cone,  it  was  found  that  the  maxi¬ 
mum  ion  signal  from  the  afterglow  was  obtained  for 
a  buffer  gas  pressure  of  approximately  0.8  torr  in¬ 
stead  of  the  previously  observed  maximum  at  approxi¬ 
mately  2  torr.  After  the  rcinstallation  of  the  stainless 
steel  cone,  the  maximum  ion  signal  remained  at  ap¬ 
proximately  0.8  torr.  This  phenomenon  cannot  be  ex¬ 
plained  at  present.  However,  It  is  felt  that  this  change 
in  the  ton  signal  maximum  does  not  affect  any  measured 


TAUI.K  I.  Dissociative  electron  attachment  rale  constants 
measured  for  xenon  difluoride. 
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U.H 

inolyUlenum  cone 

21 

2.4  i  1.1  10° 

nil  experiments 

The  present  data  does  not  indicate  whether  the  reac¬ 
tion  studied  is 


XeF2  +  c'-  F'+XeF 

(2) 

XeF.,-Mf-  F'+Xe  +  F, 

(3) 

since  the  neutral  products  could  not  be  observed  with 
the  experimental  technique  utilized.  XeF  is  known  to 
be  weakly  bonded  (~0.48eV°):  however,  the  exocrgicity 
(—  2.  28eV10,u)  of  Reaction  (2)  is  certainly  sufficient 
to  break  the  XeF  bond,  provided  that  this  energy  goes 
into  internal  modes  of  vibration. 

The  only  thermal  energy  attachment  product  observed 
in  the  present  experiments  is  F’  even  thougli  XeF’  and 
XeFj  have  been  observed  by  other  workers.12  This 
fact  may  be  explained  in  terms  of  the  hypothetical  po¬ 
tential  energy  diagram  shown  in  Fig.  1.  Thermal 
electrons  attach  near  the  minimum  in  the  XcF2  potential 
curve,  and  the  molecular  negative  ions  are  formed  at 
energies  well  above  the  XcFj  dissociation  limit.  The 
energetic  XeFj  formed  then  dissociates  within  one 
vibration  to  XeF  and  F\  The  potential  curve  represent¬ 
ing  an  F-XcF*  bond  apparently  crosses  the  neutral 
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molecule  surface  above  the  potential  well  minimum, 
and  thus  the  XcF*  cannot  be  formed  by  thermal  energy 
electrons.  If  the  XoFj*  surface  crossed  the  XeF2  sur¬ 
face  near  the  potential  minimum,  then  one  would  ex¬ 
pect  to  observe  either  XeF^  or  XeF'  as  products. 

Since  this  is  not  the  ease,  the  XeFj*  curve  apparently 
crosses  the  XcF2  curve  above  the  potential  energy  min¬ 
imum. 

Very  little  information  exists  concerning  the  negative 
ion  chemistry  of  the  rare  gas  halides.  The  current 
rate  constant  measurement  is  believed  to  be  the  first 
electron  attachment  rate  constant  measured  for  this 
class  of  molecules.  In  view  of  the  current  interest  in 
rare  gas-halide  lasers  and  fluorine-containing  chem¬ 
ical-laser  systems,  there  is  obviously  a  need  for  fur¬ 
ther  research  on  these  molecules. 
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Theoretical  and  experimental  studies  of  the  N20~  and 
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The  ground  Male  potential  energy  surface  of  the  nitrous  oxide  negative  ion  is  characterized  and  related  to 
that  of  the  neutral  molecule  by  a  synergetic  theoretical-experimental  approach.  Ab  initio 
multiconfiguratinn  ..elf-consistent -field/ configuration  interaction  (MCSCF/C1)  and  other  calculations  for 
N,0~(,Y!4')  yield  the  minimum  energy  geometry  (RCv,  K'so,  A'NSO)  = (1.2224:0.05  A.  1. 375*0.10  A, 

132.7 ±2"),  the  vibrational  frequencies  (x»1,i/,.i/3)  =  (912^-- 100  cm'1,  555*  100  cm'1,  1666*  100  cm'1),  Ihe 
dipole  moment  ;i  =2.42*0.3  D,  and  other  properties.  The  N;0  ’  molecular  ion  in  the  X 7 A'  stale  is 
found  to  have  a  compact  electronic  wavefimetion — one  with  very  little  diffuse  character.  The  MCSCF/CI 
bending  potential  energy  curve  from  70*  to  180*  for  the  X  'E*Tl  'A')  state  of  NjO  as  well  as  the 
bending  curve  for  the  X'A'  state  of  NjO~  are  also  reported.  The  dissociation  energy 
D(NVO'  )  =  0.43  ±0.1  eV  and,  thus,  the  adiabatic  electron  affinity  E.A.(NjO)  =  0.22  ±0. 1  eV  and  the 
dissociation  energy  D( N'-N'O")  =  5.1  *0.1  eV  are  determined  from  beam-collision  chamber  experiments. 

Corrections  arc  made  for  both  the  dispersion  in  the  ion  beam  and  the  translational  motion  of  each  target 
gas.  The  combined  theoretical  and  experimental  results  yield  a  vertical  electron  affinity  V.F-.A.(NjO)  of 
—  2.23*0.2  eV  and  enable  the  construction  of  angular  dependent  Morse  functions  to  represent  the  neutral 
and  ionic  surfaces.  This  construction  leads  to  the  determination  of  the  minimum  intersection  locus  as  (  V*, 

R *ns»  R\o>  d *s\o)  =  (0.67*0. 1  eV,  1.18*0.05  A,  1.28*0.10  A,  154*3*).  The  predicted  activation 
energy  of  this  critical  point  with  respect  to  the  asymptote  O',  N2 — 0.21*0.1  eV — and  the  position  of  the 
critical  point  with  R  *NS-  well  outside  of  the  N2  (v=0)  outer  turning  point  imply  that  the  reaction 
O'  +Nj— NjO-i-  e  will  be  strongly  facilitated  by  reagent  vibrational  excitation 


I.  INTRODUCTION 

The  relationship  of  the  potential  energy  surface  for 
the  XZA'  ground  state  of  the  nitrous  oxide  negative  ion 
N20*  to  the  potential  energy  surface  for  the  -Y'2*(l  lA') 
ground  state  of  the  neutral  molecule  N20  has  been  of 
some  concern  in  recent  years. ,_’3  This  relationship 
is  interesting  partly  because  the  possible  ionospheric 
associative  detachment  reaction 

O'^Pj+Njj^^-NjOfA'^J  +  e  +  O^l  eV  (1) 

is  not  observable  in  laboratory  experiments  conducted 
at  300  °K.  s**®,n,,s  An  upper  bound  to  the  thermal  rate 
coefficient  has  been  placed  at  about  10't5-10'n  cm3  s’1 
by  various  experimenters. 2* 3,5,13  There  arc  conflicting 
reports  of  reactivity11  or  a  lack  of  it13  above  0.3  eV 
relative  collision  energy  for  N2  (e-0).  The  low  thermal 
rate  for  this  exothermic  reaction  and  the  effects  of 
reagent  translational  or  vibrational  excitation  are  de¬ 
termined  by  the  characteristics  of  the  aforementioned 
potential  energy  surfaces.  The  N:0'(.Y 2 A')  surface 
connects  adiabatically  to  the  reagent  asymptote  for  Re¬ 
action  (1)  and  passes  in  some  regions  above  the 
NjOCY1?)*)  surface. 12  Characterization  of  these  po¬ 
tential  energy  surfaces  and  their  Intersection  should 
make  it  possible  to  predict  the  effects  of  increased 
translational  or  vibrational  temperature  on  the  rate  of 
Reaction  (1).  Vibrational  excitation  of  nitrogen  is 
common  in  the  ionosphere  but  has  been  little  investi¬ 
gated  in  laboratory  experiments.  Lastly,  a  knowledge 


of  the  N20"(A'zA')  potential  energy  surface  and  its  re¬ 
lationship  to  that  for  hLOfA'^*)  can  contribute  to  the 
understanding  of  other  interesting  processes,  including 
the  recombination  reaction 

O -(-P)  +  N2(X  *2*)  “  N2CT(.YZ4')  (2) 

and  the  dissociative  attachment  reaction 

NjO{A'  3S*)  +  e  -  N2(A'  !2*)  +  O'fP)  -  0.  21  eV  .  (3) 

This  paper  presents  both  experimental  and  theoreti¬ 
cal  studies  conducted  to  characterize  the  M-jCTf-V2/!') 
potential  energy  surface  and  to  relate  it  to  that  for 
N20(Ar*2*).  Bond  dissociation  energies  and  the  adia¬ 
batic  electron  affinity  are  derived  from  collision-in¬ 
duced  dissociation  experiments  with  NjO',  which  are 
the  subject  of  Sec.  II.  Correlated  nb  initio  and  other 
theoretical  calculations  which  yield  the  N20*(A'*A')  and 
N,0(A'  ’2*)  bending  potential  curves  and  the  NjO'(A'2A') 
equilibrium  geometry,  force  constants,  vibrational  fre¬ 
quencies,  and  dipole  moment  are  presented  in  Sec.  III. 
The  neutral  and  negative  ion  potential  energy  surfaces 
arc  related  and  the  minimum  energy  intersection  locus 
determined  by  representing  each  by  an  angle-dependent 
Morse  function  as  described  in  Sec.  IV.  The  potential 
surface  features  which  are  determined  by  these  data 
are  summarized,  and  discussed  in  terms  of  their  im¬ 
plications  for  the  above  noted  collision  processes  in 
Sec.  V.  Conclusions  are  drawn  in  Sec.  VI. 
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II.  COLLISION-INDUCED  DISSOCIATION 
EXPERIMENTS  WITH  N}0' 

A.  Apparatus  and  cross  section  determination 

An  in-line  tandem  mass  spectrometer  was  utilized  in 
this  study.  The  instrument  has  been  described  pre¬ 
viously.  15  Briefly,  it  is  a  beam-collision  chamber 
apparatus  which  provides  mass  analysis  of  the  product 
ions.  The  collection  stage  is  fixed  at  0J  (LAB)  scat¬ 
tering  angles.  The  projectile  ion  is  formed  in  the  elec¬ 
tron-impact  ion  source  of  the  first  stage  mass  spec¬ 
trometer  which  produces  a  mass  and  energy  analyzed 
beam  which  is  impacted  upon  the  target  gas  in  the  col¬ 
lision  chamber.  The  energy  spread  of  the  projectile 
ion  beam  entering  the  collision  cell  is  about  0.3  eV 
(LAB)  over  the  ion  energy  range  0.  3  to  about  180  eV 
(LAB). 11,15  Pulse  counting  techniques  are  used  to  mea¬ 
sure  the  product  ion  current.  The  product  (secondary) 
ion  intensity  /,(E|0)  is  converted  to  an  observed  apparent 
cross  section16 

<;(£,„)  =  C[Is{E{0)/Pt]/Ip(E,0)  ,  (4) 

where  Ip[ElD)  is  the  primary  ion  intensity,  El0  is  the 
nominal  reactant  ion  energy  in  the  laboratory  frame,  P, 
is  the  target  gas  pressure,  and  C  is  a  conversion  fac¬ 
tor. 

In  the  present  study  the  projectile  ion,  N20‘,  was 
formed  by  electron  impact  on  nitrous  oxide  gas  at  a 
pressure  of  ~0. 1  p.  Under  these  conditions  N20"  is 
most  probably  formed  by  Reaction  (3)  followed  by  Reac¬ 
tions  (5a)  and  (5b): 

0’(JP)  +  NjO(A- 'L*) - NO-(.Y3r.*)  +  NO(A'2fl)  .  0.  12  eV  ,  (5a) 

no*(a'3i-)  +  n2o(.y'z:‘) -  no(.y2ii)  +  n,o-(A'2a')  *  ae.  a. 

(5b) 

It  is  estimated  that  the  N20‘  ion  undergoes  approxi¬ 
mately  30  collisions  within  the  source  chamber  and, 
therefore,  it  is  assumed  that  the  exiting  N20‘  is  pre¬ 
dominately  in  the  ground  vibrational  state.  The  tem¬ 
perature  of  the  collision  chamber  was  maintained  at 
160  JC.  The  target  gas  pressure  was  40  p;  it  was  es¬ 
tablished  that  single  collision  conditions  prevail  at 
this  pressure.  The  conversion  factor  C  in  Eq.  (4)  was 
determined  at  £,„  =  0.3  eV  using  the  previously  re¬ 
ported17  cross  section  of  63  A2  and  the  product  ion  in¬ 
tensity  observed  in  the  present  study  for  the  charge 
transfer  reaction 

0-(2P)  +  N02(.Y2A,)  -0(\P)  4-  N02(A' ’/l,)  +  0.  8 1  eV  .  (6) 

B.  Threshold  behavior  and  corrections  for  the  ion 
energy  distribution  and  Doppler  motion 

The  threshold  behavior  of  the  total  cross  section  a  for 
collision-induced  dissociation  reactions 

RS  +  M-H^S  +  M  (7) 

is  known  from  theoretical  considerations 16  and  experi¬ 
mental  studies1®"*2  to  be  well  approximated  by  the 
functional  form 

<i(E„t)^MET-E0)"/Er,t  ,  (fl) 

where  Ef,,  is  the  relative  translational  energy  (c.m.), 


A  is  a  function  of  the  internal  energy  in  the  reagent 
molecule  RS,  ET  is  the  total  energy  (c.m.)  less  the 
average  internal  energy  of  the  reactant  molecules,  and 
E„  is  the  threshold  value  of  Er .  The  exponent  it  de¬ 
pends  upon  the  mechanism  of  Reaction  (7),  with  the 
range  1.9<»<2.  2  implying  a  direct  process  and  the 
range  1.  5<«<  1.  8,  an  indirect  process. la 

In  the  present  beam-collision  chamber  experiments 
the  apparent  cross  section  is  related  to  the  absolute 
cross  section  via  the  equation 

J  =  £“  dE,  dunf(E,  |  EJ  /(«J^s(/?rM)  ,  (9) 

where  El0  is  the  nominal  and  E{  is  actual  laboratory  en¬ 
ergy  of  ions  moving  along  the  axis  directed  through  the 
collision  chamber,  um  is  the  speed  of  the  target  mole¬ 
cule  M  along  this  same  axis,  and  Ertl  is  the  relative 
collision  energy  determined  by  E,  and  um.  The  dis¬ 
tribution  function  f(Et  I  El0)  for  the  RS  ion  energy  about 
the  nominal  value  Eio  is  assumed  to  bo  a  Gaussian  func¬ 
tion  in  the  variable  (E,  -  Eu)  determined  by  the  require¬ 
ment  that  the  full  width  at  half -maximum  be  0.3  eV. 15,16 
It  is  further  assumed  in  Eq.  (9)  that  f(»m)  is  the  one- 
dimensional  Maxwellian  distribution  and  that  cr^JE,.,,) 
has  the  form  CTai6(Ercl)  given  in  Eq.  (8).  In  the  present 
application  Er  has  reduced  to  EreI  since  the  internal 
energy  distribution  is  well  approximated  by  a  delta  func¬ 
tion  centered  at  the  zero-point  (i.e. ,  average)  level 
for  thermal  molecular  ions  Its.  Because  of  this 
identity  E0  may  be  identified  as  the  dissociation  energy 
D(R-S).  With  this  consideration  and  a  change  of  vari¬ 
able  to  transform  Enl  and  E0  to  the  laboratory  energy 
scale,  Eq.  (8)  becomes22’23 

«K,)^uB(£rW  -  00) 

Optimum  values  of  the  parameters  E0  and  n  are  de¬ 
termined  for  each  target  gas  by  a  grid  search  proce¬ 
dure.  For  each  trial  set  of  values  for  £0  and  it,  .tLAn 
is  found  from  the  approximation  at  the  highest 

ion  energy  included  in  the  fit  procedure.  The  optimum 
set  of  parameter  values  is  the  one  which  causes 
aUic(£{0)  to  best  fit  o^{Elo)  over  the  desired  range. 

For  the  present  study  the  best  fit  was  ascertained  by 
visual  comparisons.  Further  details  on  this  data  reduc¬ 
tion  procedure  and  on  the  applicability  of  Fq.  (8)  when 
RS  in  Eq.  (7)  is  a  negative  molecular  ion  will  be  given 
elsewhere. 22 

C.  Results  for  D(N2-0  ),  £>( N-NO  ),  and  E.A.(N20) 

In  the  course  of  the  present  experiments  a  steady  sig¬ 
nal  for  w/r-44  negative  ions  (N-O")  was  detected  in  the 
second  stage  mass  spectrometer  when  the  collision 
chamber  contained  no  target  gas.  This  result  implies 
that  the  lifetime  of  NjO"  is  ^  50  pscc,  the  transit  time 
through  the  apparatus.  Such  a  lifetime  implies  stability 
with  respect  to  dissociation  and  is  a  precondition  for 
stability  with  respect  to  electron  detachment  (i.e,,  for 
a  positive  electron  affinity). 

Quantitative  determinations  of  the  bond  dissociation 
energy  />(Nj-0')  were  made  from  studies  of  Reaction 
(7),  where  H  =■  N- and  S  £•  O',  for  M*  lie,  Ne,  Ar,  Kr, 
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FIG.  1.  Observed  apparent  cross  sections  for  O" 

production  from  the  collision-induced  dissociation  reactions 
NjO*  +  M -- Nj  +  O" -t  M,  where  Mr  lie,  No,  Ar,  Kr,  Xe,  X2. 

For  plotting  purposes  /■.'<„  has  been  converted  to  the  ccnter-of- 
mass  coordinate  system,  and  ttie  cross  sections  for  He,  X2, 
and  Ar  have  been  shifted  upwards  by  2,  -I,  and  C  A",  respec¬ 
tively. 


Xe,  N2.  The  observed  apparent  cross  sections  aJJJ(/ilo) 
are  shown  in  Fig,  1.  AH  of  tiio  six  reactions  observed 
exhibit  thresholds  and  Unis  may  be  assumed  to  be  endo- 
ergic.  The  cross  sections  all  show  exponential  in¬ 
crease  in  the  threshold  region,  followed  by  a  linear  rise 
towards  a  maximum,  and  then  a  gradual  decrease. 

The  true  energy  threshold  for  each  reaction  was  ob¬ 
tained  from  the  observed  apparent  cross  sections  by 
means  of  the  convolution  procedure  outlined  above. 

The  application  of  this  procedure  is  illustrated  in  Fig. 

2,  where  the  calculated  apparent  cross  sections  oSJi'(£'|0) 
for  the  production  of  O"  from  the  reaction  of  N20‘  with 
No  are  shown  (solid  linos)  for  various  combinations  of 
E0  and  n.  Comparisons  with  the  data— aj^(/i|0)  repre¬ 
sented  by  solid  circles— show  that  the  computed  curve 
with  E0  =  0. 4  eV  (COM)  =  1.  27  eV  (LAB)  and  «  -  2.  3  is 
the  best  fit.  The  uncertainty  in  the  values  of  E0(COM) 
and  n  is  on  the  order  of  ±0. 1.  These  errors  arc  esti¬ 
mated  from  the  ranges  of  E0  and  n  which  yield  a  good 
fit  to  the  experimental  data.  Figure  3  compares  the 
calculated  best  fit  curves  a^*c(7i',#)  [Eq.  (9)]  and  the 
corresponding  absolute  cross  sections  a^(Et)  [Eq. 

(10]  to  the  experimental  dala  e°“(El0)  [Eq.  (•!)]  for  the 
other  five  reactions  studied.  The  values  of  E0  and  n 
which  correspond  to  these  best  fits  are  listed  in  Table  I. 
The  dashed  lines  in  Figs.  2  and  3  are  the  (unconvolutcd) 
absolute  cross  sections  from  Eq.  (10).  Com¬ 

parison  of  these  curves  with  the  solid  curves  o“Jc(£i<>) 
for  each  target  gas  and  for  given  values  of  Ea  and  n 
shows  the  importance  of  taking  the  ion  and  neutral 
translational  energy  distributions  into  consideration  in 


FIG.  2.  Optimization  of  the  parameters  £0  and  «  for  M---Nc.  The  effect  of  Die  variation  of  «  is  shown  for  three  values  at  F0. 

The  curves  for  which  £,-0.3  or  0.5  eV  (COM)  arc  offset  I  or  8  cV  (LAH)  on  the  energy  scale  for  clarity  of  presentation.  The 
circles  arc  the  data  ]>olnts  'r!£](F|„).  Kach  solid  line  represents  the  calculated  apparent  cross  section  to)  which  results  from 

the  use  of  a  given  pair  of  parameter  values.  Shown  for  comparison  (as  dashed  lines)  arc  Uie  absolute  cross  section  functions 

with  which  the  calculated  apparent  cross  sections  nro  computed.  The  near  Gaussian  distribution  curve  drawn  for  /i(c*-3eV 
illustrates  the  combined  distribution  function /(£(,«„  I  £|0)-/<£|  I  £|o)/(m„)  with  which  Is  convoluted  to  compute  o"*e(£tc). 

Sole  X:  l;’|  in  the  figure  alternatively  represents  l'\a  or  Ay,  and  A'  In  the  figure  IsA^,,  from  llio  text."1  Soto  2:  All  cross  sec¬ 
tions  have  been  normalized  to  the  highest  energy  dala  point  l)  which  is  included  in  the  fit  procedure.  Soto  3:  AlaR  Is 

found  for  each  net  of  values  for  (lie  other  parameters,  E„  and  «,  bv  Ihe  assumption  that  n,]]'  e'JJ ;  and  I'iuL  l:i  »X  the  data 
point 
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FKJ.  3,  Comparisons  of  the 
optimized,  calculated  apparent 
cross  sections  n"Jc(/;(o)  (-) 
with  the  observed  data  o^”(y;(u) 
for  the  target  gases  Xc,  Kr, 

No,  Ar,  N2,  and  He.  The  op¬ 
timized  values  for  /•:„  and  n 
aro  shown  for  each  reaction; 
the  absolute  cross  sections 

( - )  determined  by 

these  values  arc  also  shown. 
Comparison  of  the  solid  and 
dashed  lines  provides  a  visual 
indication  of  the  importance  of 
the  combined  effects  on  the 
cross  section  of  thermal  mo¬ 
tion  of  the  collision  pas  and 
dispersion  of  the  nominally 
monoerpic  ion  beam.  For  sym¬ 
bol  clarification  and  plotting 
details,  see  the  notes  in  the 
caption  to  Fig.  2. 


fitting  the  experimental  data. 

As  indicated  earlier  (Sec.  11.  B),  the  threshold  Ea  in 
the  present  experiments  corresponds  to  the  dissociation 
energy  /7( R-S),  where  Ii-S  is  N2-0*.  From  Table  I  the 
average  value  for  /j(N2-CF)  for  the  six  reactions 
studied  is  0.43  *0. 1  cV.  This  result  is  based  upon  the 
assumption  noted  above  (Sec.  II.  13)  that  neither  reagent 
molecule  is  internally  excited  at  the  threshold.  The  as¬ 
signed  uncertainty  of  ±  0. 1  cV  (COM)  arises  from  the  lim¬ 
iting  resolution  assessed  in  the  present  study  to  the  opti¬ 
mization  of  the  parameter  E0.  The  accuracy  of  the  pres¬ 
ent  method  has  been  established  to  be  ±0. 1  eV  by  com¬ 
parisons  with  results  from  more  accurate  methods  for 
thcOJ,  NO-O',  and  C02-0*  bond  dissociation  energies.  22 

The  value  determined  for  the  dissociation  energy 
/3(N2~0')  enables  the  construction  of  thermodynamic 
Hess  cycles  to  evaluate  the  nitrous  oxide  adiabatic 
electron  affinity  E.  A.  (N20)  and  the  dissociation  energy 
P(N-NO'): 

E.A.(N2O)  =  -0(N2-O)+E.  A.  (0)+D(N2-Cr)  ,  (11a) 

13(N-N0*)-=+E.A.(N20)+/)(N-N0)-E.A.(N0)  .  (lib) 

The  use  of  known  values  for  /J(N2-0)=  1.68  and  U( N- 
NO)  =  4. 93  from  Hof.  24,  for  E.  A.  (O)  =  1. 47  from  Ref. 
25,  and  for  E.A.  (NO)  =  0.02  from  Ref.  26  yields 
E.  A.  (N20)=  0. 22 ±0. 1  and  /3(N-NO')-5. 13  ±0.  1  in  the 
present  work.  All  values  arc  In  electron  volts,  and 
the  uncertainties  given  for  the  latter  two  values  result 
from  the  predominating  uncertainty  of  1 0. 1  in  the  value 
for  £J(N2-0"). 

III.  AB  INITIO  AND  OTHER  THEORETICAL 
CALCULATIONS 

A.  Ab  initio  method  of  calculation 

The  ab  initio  calculations  were  performed  with  single 
configuration  (SCF),  multlconflguratlon  (MCSCF),  and 


configuration  interaction  (MCSCF/CI)  self-consistent- 
field  molecular  wavefunctions.  The  MCSCF  method 
employed  in  this  study  has  been  presented  in  detail 
elsewhere. 27,28  Previous  applications  of  the  MCSCF 
and  MCSCF/CI  methods  to  first  row  triatomies  have 
been  reported.29""  The  calculations  were  made  with 
msoNMC  and  its  associated-computer  codes.20’ 33,34 

In  brief,  and  to  establish  terminology,  the  MCSCF 
wavefunction  4'Jlc  for  a  molecular  state  s, 

*uc 


is  obtained  by  the  iterative  optimization  of  the  weight¬ 
ing  coefficients  Cj,c,»  of  the  .VMC  configurations  *!>J 


+s»«  IT  Me,, 


(13) 


TABLE  1.  Best-fit  values  of  A,  £0,  and  n  for  Eq,  (8)  as  ob¬ 
tained  by  convoluling  o^,,’-y1LAn(t'(  with  the  combined 

ion  and  neutral  translational  distribution  and  comparing  to  the 
observed  apparent  cross  section  for  the  reaction  NjO’+  M 
-NVO'  t  M. 


M 

Best-fit  parameter  values* 

A  £0 

(A)!(cV)1'"  (cV,  c.nt.) 

n 

Xe 

0.56 

0.5 

2.5 

Kr 

1.4G 

0.4 

2.3 

Ar 

1.18 

0.4 

2.4 

No 

2.75 

0.4 

2.3 

lie 

2.70 

0.4 

2.4 

N, 

1.20 

0.5 

2.5 

Averages 

*  •  • 

0.43 

2.40 

The  values  for  :md  »  tiro  accurate  to  to.l;  see  text.  For 
the  relationship  or  A  to  /I^adi  see  Itcf,  22  and  23  and  Sec . 

II,  I).  of  the  text. 
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and  of  the  expansion  coefficients  CJ,  of  the  ,YS0  spin  or- 
bitals  <!>hc.j 

l>f 

CJjX,  7),  (14) 

i"l 

until  a  stationary  variational  solution  to  the  energy 
eigenvalue  problem  is  achieved.  In  the  present  study 
the  convergence  criterion  was  10'°  a.u.  In  Eq.  (13), 

«  is  the  antisymmetrization  operator  and  the  quantity 
5Jy  is  unity  if  spin  orbital  j  is  occupied  in  configuration 
k  for  state  s  and  zero  otherwise.  In  Eq.  (14)  the  basis 
{x(}  in  which  the  spatial  component  of  the  spin  orbitals 
arc  expanded  is,  in  practice,  always  finite  and  usually 
spans  a  limited  cartesian  space  about  the  nuclear 
framework.  Also,  in  Eq.  (14)  r)j  is  the  spin  component 
of  spin  orbital  j.  Because  of  the  optimization  of  both 
the  configurational  and  the  orbital  expansion  coeffi¬ 
cients,  the  MCSCF  wavcfunction  is  a  compact  wave- 
function,  consisting  of  the  orbitals  and  a  relatively  few 
(about  15-20  for  a  triatom ic)  configurations,  These 
configurations  are  chosen  to  allow  the  wavcfunction  to 
describe  dissociation  to  the  formally  correct  atom- 
diatomic  asymptotic  states  and  to  contain  most  of  those 
electron  correlation  effects  necessary  to  determine 
potential  surface  characteristics  in  the  triatomic  re¬ 
gions. 

The  MCSCF/CI  wavcfunction  4** ,  for  molecular  state  s, 
*ci 

n.=  E  as) 

is  constructed  from  the  MCSCF  orbitals  <f>uCtJ  according 
to  Eq.  (13).  This  relatively  small  Cl  wavcfunction  (,VCI 
is  on  the  order  of  100  for  a  first  row  triatomic)  is  a 
helpful  aid  in  the  process  of  determining  an  appropriate 
set  of  MCSCF  configurations  and  is  used  to  pick 

up  additional  correlation  energy  from  the  hundreds  or 
thousands  of  configurations  whose  effect  upon  the 
MCSCF  orbitals  is  too  small  to  warrant  their  inclusion 
in  {*I'j}MC .  The  MCSCF/CI  configuration  set  {d* *}CI  may 
be  chosen  from  the  complete  configuration  set  {4>jj}  for 
state  s  by  the  criterion  of  a  threshold  contribution  to  the 
total  energy  eigenvalue  for  4%,  of,  say,  10" 5  a.u.  Ex¬ 
perience  has  shown,  however,  that  one  can,  for  con¬ 
venience  and  with  some  confidence,  usually  make  the 
assumption  that  this  energy  selection  criterion  can  be 
met  by  retaining  those  configurations  for  which  IC'c,t„l 
is  greater  than  a  numerical  threshold  cCI  of,  c.g. , 
0.001-0.002. 

The  choice  of  orbital  {x,}  and  wavefunetion  {<l’j}MC  ex¬ 
pansion  bases  is  crucial  to  the  success  of  the  MCSCF 
method.  Aspects  of  these  choices  peculiar  to  the  pres¬ 
ent  application  will  be  discussed  below. 

B.  Basi*  set  and  accuracy  considerations 

The  orbital  expansion  basis  functions  for  nitrogen 
and  oxygen  were  taken  to  be  the  atom-optimized  Ds5/> 
Gaussian  basis  sets  of  llu/.lnaga33  as  contracted  to  4s3/> 
sets  by  Dunning. 56  No  attempt  was  made  to  reoptimize 
these  basts  sets  for  the  calculations  reported  In  thin 
paper.  Since  the  positive  experimental  electron  affi¬ 
nity  Indicates  stability  of  N20‘  towards  electron  de¬ 


tachment  in  the  vicinity  of  its  minimum  and  since  pre¬ 
liminary  SCF  calculations  showed  no  Rydberg  charac¬ 
ter31  in  the  X z A'  wavcfunction,  this  basis  set  should  be 
sufficient  to  predict  the  equilibrium  geometry  and  the 
shape  of  the  surface  in  the  minimum  region.  The  use 
of  a  fixed  basis,  furthermore,  enables  the  extension  of 
the  XZA'  surface  scan  into  regions  in  which  the  ion  sur¬ 
face  passes  above  the  neutral  surface.  In  the  latter 
regions  the  computed  results  for  N20'(.Y*A')  are  to  be 
interpreted  as  estimates  of  the  N20  +  c  resonance  en¬ 
ergy.  Lastly,  test  calculations  are  described  below  in 
which  the  4s3/>  basis  was  complemented  with  diffuse  s, 
f>  or  with  polarization  <1  functions.  The  results  tend  to 
Indicate  the  sufficiency  of  the  4s3/>  basis  for  the  pres¬ 
ent  survey  in  the  triatomic  interactive  region. 

From  previous  studies  an  accuracy  of  about  5%  for 
the  geometric  parameters  and  about  10%  for  the  vibra¬ 
tional  frequencies  and  electric  moments  can  be  ex¬ 
pected  with  the  4s3/>  basis  set  and  with  the  MCSCF 
treatment  of  correlation  effects.  29,311 32  The  sophistica¬ 
tion  of  the  presently  applied  level  of  nb  initio  methodol¬ 
ogy  has  not,  however,  proven  sufficient  for  the  reli¬ 
able  prediction  of  either  triatomic  dissociation  energies 
or  adiabatic  electron  affinities. 31,32  Since  these  latter 
quantities  are  provided  by  the  experimental  portion  of 
the  present  paper,  no  attempt  is  made  here  to  go  to  the 
additional  expense  and  effort  which  would  be  required  to 
compute  them  reliably.  Such  a  more  sophisticated 
computation  would  involve  improvements  in  the  orbital 
expansion  basis  set  {x(},  such  as  exponent  reoptimiza¬ 
tion  plus  the  addition  of  polarization  functions,  and  in 
the  wavcfunction  expansion  basis  set  {«!■*},  such  as  the 
consideration  of  configurations  involving  excitations 
to  nonvalence  virtual  orbitals.38 

C.  Development  of  optimum  wavefunetion  expansion 
bases  {<!>£}MC  and  <«I»J)C, 

1.  General  considerations 

Throughout  the  present  study,  the  selection  of  con¬ 
figurations  4*j|  for  the  MCSCF  and  MCSCF/CI  wave- 
functions  was  restricted  to  a  valence  subset  of  the  full 
basis  {*!»*}.  For  a  first  x’ow  triatomic  this  valence  sub¬ 
set,  (4. consists  of  the  main,  so-called  SCF, 
configuration(s)  and  those  configurations  obtainable 
from  it  via  spin  orbital  excitations  among  the  valence 
orbitals  4-9  a,  1-3  itx,  1-3  iry.3B  The  rational  and 
general  manner  by  which  configurations  arc  selected 
from  {4’2}r,leoce  are  embodied  in  the  optimized  valence 
configuration  (OVC)  scheme  discussed  by  Das  and 
Wahl.39  Aspects  of  the  selection  procedure  peculiar 
to  the  present  applications  of  this  scheme  to  first  row 
trialomics  arc  discussed  briefly  below  and  more  ex¬ 
tensively  elsewhere.32 

It  should  be  noted  that  the  present  selection  subset 
may  l’°  somewhat  deficient  in  that  it  does  not 
include  any  configuration  in  which  nonvalcncc  virtual 
orbitals  arc  occupied.  The  relatively  small  but  cumu¬ 
latively  significant  correlation  energy  obtainable  from 
such  configurations  has  been  documented  In  diatomic 
OVC- MCSCF  calculations.  M,',°  In  the  present  triatomic 
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work  on  the  .Y*S*  slate  of  N20  and  the  1  =  11  state  of 
N*°~  H  is  -significant  that  the  SCF  wavefunction  for  the 
ion  hut  not  the  neutral  involves  occupancy  of  the  3;r 
orbital.  For  this  reason,  no  quarlically  and  relatively 
few  doubly  and  triply  excited  configurations  can  be 
Constructed  in  the  valence  u-orbital  space  for  N.,0‘(l2rt). 
Sucii  configurations  have  been  shown  to  be  important  for 
N20(A  S')."'''  Thus,  the  lowest  unoccupied  noiivalcnce 
virtual  orbitals,  e.g.,  4it,  Sir,  10o,  must  be  considered 
in  order  to  provide  an  orbital  space  for  correlating  the 
*1!  ion  state  which  is  as  flexible  as  the  15  orbital  (va¬ 
lence)  space  is  for  N20(.V‘^*).  It  is  fully  intended  to 
incorporate  the  4a  and  higher  orbitals  in  future  cal¬ 
culations  on  vertical  excitation  spectra  of  the  N,0 
neutral  and  ionic  systems.  For  the  present  wo  confine 
ourselves  to  pointing  out  the  problem.  This  differenti¬ 
al  sufficiency  of  (he  valence  orbital  space  results  in  a 
correlated  vertical  excitation  energy  from  NCOS's*) 
to  N20'(I  “II)  which  tends  to  be  too  high.  Corresponding¬ 
ly,  the  adiabatic  electron  affinity  tends  to  be  under¬ 
estimated.  The  Quantitative  amount  of  this  underesti¬ 
mate— a  measure  of  the  differential  sufficiency  of  the 
valence  configuration  space  {<l>'}V4l,1,.,  for  the  ion  versus 
the  natural— will  he  deduced  by  comparing  the  experi¬ 
mental  adiabatic  electron  affinity  from  Sec.  tl  to  the 
computational  results  presented  in  this  section. 

2.  N.otr-w 

Initially,  the  MCSCF  wavefunction  ^JIC,  s-l2n,  for 
N20'  was  developed  at  the  N20(.Y  'M*)  experimental  equi¬ 
librium  geometry  by  the  sequential  consideration  of 
configurations  which  differed  by  two  spin  orbitals  from 
(i.e. ,  doubly  excited  wrt)  the  SCF  configuration, 

laJ2a23o24(T25o::Ca27o2l!r,2rr13a  .  (16) 

The  configurations  for  N30'(1 2H)  wereselectcdfor  exam¬ 
ination  upon  the  basis  of  experience  with  the  N;0  sys¬ 
tem.  /Viter  some  testing,  15  configurations  were 
incorporated. 

3.  N20/X2A') 

The  15  configuration  N20'(l2n)  wavefunction  (15  MC) 
was  then  used  to  scan  the  2A'(121I)  potential  energy  sur¬ 
face.  Most  of  the  effort  was  applied  in  the  neighbor¬ 
hood  of  the  minimum  located  in  an  extensive  prelimi¬ 
nary  scan  with  the  SCF  wavefunction,  <5>J, 

(1«')2  •  •  •  .  (17) 

Most  of  the  SCF  results  have  been  recorded  in  lief.  31. 
The  minimum  energy  nuclear  conformation  located  in 
the  15  MC  scan  is  (ftN[),  /?N0,  ^nuo^-  (2.30-15  a.u., 
2.6051  a.u.,  130.2). 

Then  {'I’jjjfc ,  s  =  .Y24',  was  reoptimized  near  the  15 
MC  minimum  bui  with  ,-lNKO -  130.0"'.  In  addition  to 
configurations  doubly  excited  with  respect  to  >I’J ,  those 
configurations  which  become  allowed  upon  bending  from 
C„„  to  C,  symmetry  and  all  triply  excited  configu rati  ns 
were  considered.  A  Cl  configuration  set  was  simul¬ 
taneously  determined.  The  <hj  were  considered  for  In¬ 
clusion  in  {<l’j}MC  or  {'!*j)C|  on  the  hasty  of  the  magnitude 
of  their  weighting  cocfticient  in  ♦J,.  The  Cl  wave- 


function  was  optimized  to  include  all  singly  but  only 
those  doubly  and  triply  excited  configurations  for  which 
IQ..J  >0.00155.  The  corresponding  cutoff  for  't<J)c 
was  I  CJICi,  |  >0.02.  Alternating  MCSCF  and  Cl  calcula¬ 
tions  led  to  an  18  configuration  MCSCF  wavefunction 
(18  MC)  and  a  ninety-one  configuration  Cl  wavefunction. 
Seven  configurations  for  which  0.00100-c  I  C*  t 
<0.00155  were  added  to  obtain  a  final,  98  configuration 
Cl  wavefunction  (98  Cl).  The  18  MC  configurations  and 
their  weighting  coefficients  at  a  few  geometries  are  dis¬ 
played  in  Table  II.  it  is  noted  that  contains  none 

of  the  triply  excited  configurations  from  .  it 

is  also  noted  that  none  of  the  MCSCF  orbitals  exhibits 
significant  Hydberg  character37  in  the  vicinity  of  the 
minimum. 

4.  N,0(X"Z+) 

The  MCSCF  and  MCSCF/CI  configuration  sets  for 
N20(.y’M*)  were  optimized  at  the  experimental  equi- 
librutn  geometry.  The  optimization  was  conducted  in 
much  of  the  same  fashion  as  just  described  for  N;0‘ 

(A' 2/l'). 41,45  The  MCSCF  configuration  set  is  listed 
in  Table  Ill  and  the  orbitals  (for  a  slightly  different 
configuration  set)  in  Uef.  43.  There  are  several  triply 
and  one  quarlicaliv  excited  configurations  in  4'f:c  .  The 
Cl  configuration  set  consists  of  the  SCF  configuration, 
all  single  excitations  with  respect  to  it,  and  all  doubly, 
triply,  and  quartically  excited  configurations  for  which 
(C*  i,  *1  >0.001. 

D.  Ab  initio  results  for  l\J,0(A'“/4') 

I.  Stability  with  respect  to  electron  detachment 

Test  calculations  have  been  made  in  which  the  4s3/> 
basis  set  was  augmented  with  diffuse  s  and  /;  functions. 
The  information  that  such  an  augmentation  provides  with 
regard  to  the  stability  toward  clectx’on  detachment  of 
NjO‘(A'2/l')  is  of  primary  interest.  However,  for  com¬ 
parison  purposes,  calculations  are  also  reported  at  the 
experimental  neutral  equilibrium  geometry  for  N20(.Y  *S*) 
and  for  the  NtO'  resonant  states  121I  and  12S*.  The  re¬ 
sults  are  summarized  in  Table  IV  and  Fig.  4. 


0  NjO*(XzA')  I8MC/9SCI-  -7410 
s?  RMN  *  2.3045  o  u ,  Rw'  2.605!  o  u 
Ahno*  132.7* 

fj  Bosis  set :  4s3p  ♦  diffuse  s,p 


1  ooi  002  0  03  004  005 

EXPONENT  OF  OIF  FUSE  S.P 
FUNCTIONS 

Fltl.  I.  Optimization  of  ilm  18  MC/98  Ct  lolnl  energy  of 
N;0'lV  :A ')  with  iv spec t  to  the  exponent  of  diffuse  s,  f>  fune- 
Uoiih  added  to  the  -lsS/>  l.nism  yet. 
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TAUI  K  H  C<«, figurations  of  the  Is  MC-7510  MCSCK  wavefunction  for  K/T  in  its  X*A'  <*U>  state  ami  their  welkin,;  coefficients 
‘  l*.‘!n,,>«rles;  total  enemies  for  the  KCF,  MCSCK.  am!  MCSC1/C1  wavefunetions  at  these  ceomolrios 


r otal  cue rgy ♦ 1  S3,  u.u. 

SC  V 

MCSCK  Us  MC) 

MCSCK -Cl  iU  MC/Da  Cl) 


8#i  *  On  * 
7  a  2r 


s  at  these  geometries. 


Weighting  coefficients  at 


Spin 

2.3015 

2.30I5C 

2.1320 

2.1320 

2.3015 

2a" 

" 

coupling 

2,0051 

2.GU51 

2.2378 

2. 2378 

2. 0051 

2% 

:lr» 

sequence* 

00“ 

132.73* 

130* 

180* 

180* 

2 

0 

I) 

0.002 

0.0112 

0.971 

0.973 

0. 903 

2 

0 

r> 

0.000 

0.002 

0.000 

-0.002 

0.000 

2 

2 

I) 

-0.2U7 

-0.170 

-0.111 

-0.143 

-0.1G7 

0 

2 

D 

—  0.019 

-0.029 

-0.015 

-0.039 

-0.021 

2 

0 

n 

—  0.  UG 

-0.095 

—  0.0G3 

-0.U71 

-0.100 

2 

0 

D 

—  0.073 

—  U.UG3’ 

-0.053 

-0.051 

-0.058 

1 

1 

SI) 

—  0.01-1 

-0.017 

-0.023 

—  0.021 

-0.015 

1 

1 

TI) 

0.021 

0.023 

0.027 

0.031 

0.021 

2 

1 

S!) 

—  0.055 

-0.105 

-  0.097 

-0.061 

-0.091 

2 

1 

TI) 

0.017 

0.095 

0.097 

0.091 

o.Joo 

*> 

2 

I) 

-0.027 

-0.029 

-0.025 

-0.027 

-U.031 

•> 

0 

SI) 

—  0. 053 

-0.053 

-0.012 

-0.055 

-0.001 

o 

0 

SI) 

0.099 

-0.022 

0.015 

0.U12 

0.01B 

2 

0 

SI) 

-0.033 

-0.057 

-0.050 

-0.053 

-0.UC2 

1 

1 

SI)TD 

-0.021 

-0.020 

-U.U2‘J 

-0.025 

-0.015 

1 

1 

SI) 

0.011 

0.020 

0.U11 

0 . 000 

0.000 

1 

1 

TI) 

-0.024 

-0,012 

-0.020 

0 . 000 

0.000 

2 

1 

TI) 

-0.020 

-0.033 

-0.030 

0.000 

o.ooo 

—  0.0032 

-0.50U! 

-0.5181 

-0.G1O2 

-0.707b 

—  O.G57G 

— O.G149 

-o.  (;(>.*/ 

-0.G510 

-0.7159 

-U.GG52 

— U .0212 

-0.G75; 

’The  core  1<t  ,22n  ,2on  '2  is  assumed. 

bCumulntive  spin  coupling  from  the  left.  Abbreviations:  S,  singlet;  D,  doublet;  T,  triplet. 

cTlie  geometry  at  which  the  final  optimization  of  the  MCSCK  configuration  list  was  performed,  (2. 3015/2. 0031/130“),  is  associated 
with  weighting  coefficients  which  are  within  0.001  of  these  332.73'  values.  The  atomic  oi  c-electron  bases  wore  the  •! s3/>  sets  from 
ltef.  30. 


Calculations  were  made  at  the  geometry  /?N„-2.  3045 
a.u.,  Rvo-  2.6051  a. it.,  .-lNt;o- 130'.  Figure  4  is  a 
plot  of  the  18  MC/98  Cl  total  energy  of  N20' (.V 2 A' )  as  a 
function  of  the  exponent  of  the  diffuse  s  and  p  type  func¬ 
tions,  The  same  exponent  has  been  used  for  all  12 
functions  added  lo  the  basis  set.  A  minimum  occurs  at 
a  total  energy  of  -  183. 72G753  a.u.  for  an  exponent 
value  of  0.0291.  The  occurrence  of  this  minimum  is 
evidence  that  the  negative  molecular  ion  is  stable  with 
respect  to  electron  detachment  in  the  vicinity  of  its 
equilibrium  geometry.  As  shown  in  Table  IV,  the  mini¬ 
mum  is  not  an  artifact  of  the  correlation  energy:  it 
occurs  also  in  the  results  with  the  18  MC  and  the  single 
configuration  wavefunetions.  Also,  the  augmentation 
of  the  basis  set  with  12  diffuse  functions  having  the 
optimized  exponent  lowers  the  18  MC/98  Cl  total  en¬ 
ergy  for  NjO'(.YJA')  by  just  0.0112  a.u,  (0.30‘1  cV). 

The  corresponding  change  in  the  dipole  moment  is  also 
small.  Sec  the  last  two  columns  of  Table  IV.  Examina¬ 
tion  of  the  18  MC  wavefunction  shows  that  none  of  the 
MCSCF  orbitals  may  be  described  as  diffuse,  let  alone 
as  Rydberg,  in  character.  From  these  results 
NjO*(A'*A')  appears  to  have  a  compact  electronic 
structure.  The  "extra”  electron  resides  in  an  orbital 
which  is  bonding  between  the  terminal  nitrogen  and  the 
oxygen  atom.  This  orbital,  the  l0</'(3ir)  orbital,  is 
unoccupied  in  the  SCF  configuration  for  ihc  neutral 
molecule. 

Comparisons  wllli  calculations  made  at  the  neutral 
experimental  equilibrium  geometry  provide  perspective. 


From  these  calculations  it  is  seen  that  the  addition  of 
diffusion  functions  effects  a  lowering  of  less  than  0.002 
a.u.  (0.05  eV)  in  the  total  energy  of  ^©(.Y’E*).  See 
Table  IV.  The  corresponding  lowering  for  the  N:0'(1 2R) 
resonance  state  is  about  0.02  a.  u.  (0.  5  eV).  By  con¬ 
trast,  the  SCF  total  energy  for  the  N20'(1 2S*)  resonance 
state  decreases  by  0,  1940  a.  u,  (5,  28  eV)  with  the  addi¬ 
tion  of  diffuse  s  functions.  The  large  difference  in  the 
effect  of  diffuse  functions  for  the  two  resonance  states 
correlates  with  the  valence  character  assumed  by  the 
lOn'fiir)  orbital  and  the  diffusc/Rydberg  character  as¬ 
sumed  by  the  Soilin')  orbital  upon  occupancy  in  the 
main  (SCF)  configuration  in  a  wavefunction. 

The  improvements  in  the  N20'(.Y2A')  wavefunction 
which  result  from  the  addition  of  diffuse  functions  are 
small  enough  that  the  neglect  of  these  functions  is  not 
expected  to  have  much  effect  on  the  shape  and  location 
of  the  potential  surface  minimum.  Hence,  they  have 
been  left  out  of  the  calculations  described  below. 

2.  Equilibrium  geometry  and  force  constants 

The  points  computed  for  the  N20‘(.Y '.4')  potential  en¬ 
ergy  surface  with  the  18  MC  and  18  MC/98  Cl  wave- 
functions  are  given  in  Table  V.  Variation  of  the  angle 
•lNNO  from  125”  to  140  ’  for  the  18  MC  wavefunction  with 
the  15  MC  equilibrium  bond  lengths  showed  a  minimum 
total  energy  ET  at  132.73''.  Sequential  reoptimization 
of  the  bond  lengths  at  tills  angle  willi  the  18  MC  wave 
function  gave  -  2. 3047  a.  u.  anti  /?J0  -  2. 5DC0  a.  u. 
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SSL"1;  S5S5SL?.?  *aKr  •»  ■> — -  *»  -  oo- 


Conf. 

No, 


1 

2 

3 

4 

5 
C 

7 

8 
0 

10 

11 

12 

13 

14 
10 
1G 

17 

18 
19 


2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 


G<r 
On ' 


7(7 

8n' 


2 

2 

2 

0 

0 

2 

2 

2 

2 

2 

1 

1 

1 

1 

2 

2 

2 

2 


8(7 

lln' 


Orbital  occupancy* 


Weighting  coefficients  at  !{„„/» KO/At< 


!Kr 

12rt ' 


Iff, 

7n' 


2ff, 


Total  energy  4  3  83,  a, u. 
SCI’ 

MCSCF  (19  MC) 
MCSCF/CI  (19  MC/99  Cl) 


Spin 

2.132 

2.132 

2.332 

3ff, 

ln> 

2ffy 

3  7Ty 

coupling 

2.238 

2.238 

2.238 

10«' 

In" 

2n  " 

3<-i " 

sequence* 

90' 

130” 

180“ 

0 

2 

2 

0 

0.955 

0.949 

0.95G 

0 

2 

0 

2 

-0.090 

-0.127 

-0.1 20 

2 

2 

2 

0 

-0.188 

-0.158 

-0.12G 

0 

o 

2 

0 

-0.019 

-0.020 

-0.038 

0 

2 

2 

0 

-0.052 

-0.018 

-0.051 

0 

0 

2 

2 

-0.058 

-0.050 

-0.018 

2 

2 

2 

0 

-0.044 

-0.053 

-0.018 

1 

2 

1 

1 

sns 

-0.140 

—  0.116 

-0.115 

1 

2 

1 

1 

TDS 

-0.018 

-0.055 

-0.013 

1 

2 

1 

1 

sns 

-0.005 

-0.075 

-0.071 

0 

2 

1 

1 

sns 

0.048 

0.051 

0.050 

1 

2 

2 

0 

sns 

0.054 

0.052 

0.050 

0 

1 

2 

1 

sns 

-0.078 

-0.OG9 

-0.071 

1 

2 

2 

0 

sns 

-0.000 

-0.0G7 

-0.071 

2 

2 

0 

2 

0.047 

0.051 

0.045 

2 

2 

1 

1 

s 

0.013 

-0.022 

-0.018 

1 

0 

2 

2 

s 

-0.012 

-0.019 

-0.018 

1 

1 

1 

2 

sns 

-0.000 

0.028 

0.027 

2 

1 

2 

1 

sns 

-0.003 

0.033 

0.027 

-0.415G 

-0.5310 

-0.G019 

-0.5592 

-0.7015 

—  0.771 G 

-0.5727 

-0.73  05 

-0.7S19 

*3  lie  configuration  list  was  optimized  at  (/{jin.  Kso. ^nno! r  (2. 132  a. u. ,  2.238  a.u. ,  ISO'),  the  experimental  equilibrium 
geometry The  ator.ilc-one  electron  bases  were  the  l.v3/>  sets  from  Itcf.  30. 
bA  core  l<r*  2<r2  3o2  4o*  5a2  is  assumed. 

"Cumulative  spin  coupling  from  the  left.  Abbreviations:  S,  singlet;  D,  doublet;  T,  triplet. 


The  corresponding  energy  minimum  for  the  98  Cl  wave- 
function  with  the  18  MC  orbitals  (18  MC/98  Cl)  was 
found  to  be  ,  fi*0,  ,1J,N0)  =  (2,  3085  a.  u. ,  2.5979 
a.u.,  132.68°). 

Figures  5  and  G  illustrate  the  potential  energy  de¬ 
pendence  upon  each  internal  coordinate  at  the  minimum 
located  with  each  correlated  wavefunction.  The  total 
energies  at  the  minima  illustrated  in  the  fiNN.,  /?NO, 
and  dKN0  curves  for  the  18  MC  and  18  MC/98  Cl  wave- 
functions  are  within  0.00001  a.u.  (<0.0003  eV)  of  one 
mother.  Thus,  the  18  MC  (18  MC/98  Cl)  minimum 
given  above  is  indeed  optimized  in  all  three  coordinates. 

Each  potential  curve  minimum  was  located  by  a  nu-  • 
nierical  search  of  a  function  fitted  to  the  computed 
points  Kr(.Y),  where  A'  is  KHJI,  /?NO,  or  /tNN.0.  The 
form  of  the  fit  function  F(.Y)  was  a  polynomial  of 
degree  n-  1  in  X.  The  curve  drawn  through  each  set 
of  computed  points  in  Figs.  5,  G,  and  8  represents  V(X) 
fitted  to  those  points.  The  force  constants  were  then 
computed  from  the  second  derivatives  V"(.Y*)  -  lo:F(.Y)/ 
0A'2lr.*»of  f'l  function:  frNN -  r"(/f» „),  /.-NO 
-  V'  f',,(d')KO)//<HjJ/{fio  . 

The  results  for  all  SCF,  MCSCF,  and  MCSCI7CI 
calculations  made  of  the  minimum  in  the  N.O'(.Y2/l') 
jwlcntial  energy  surface  are  summarized  and  com¬ 
pared  to  N.O(.Yl>J*)  in  Table  VI.  From  Table  VI  it  can 


FIR.  5.  Hcmling  potential  curves  for  N  .O't-Y  JA ')  near  the 
minimum  with  the  15  Ml’,  15  MC/98  Cl,  IS  MC,  and  IS  MC/98 
Cl  wavcfunctionn.  The  bond  lengths  arc  /.’NN^2,3015  a.u.  and 
;{NO-2.U051  a.u. 
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TAIILK  Ul.  Configurations  of  the  1'J  MC-7410  MCSCF  wave-function  of  the 
efficients  at  selected  geometries.-'6 


A  A  <1  ft ' )  state  of  N20  and  their  weight i nj-  eo- 


Conf. 

No. 

Gfi 

Gn ' 

7  u 
8(7  ' 

8f7 

lift 

Orbital 

9o  1  ity 

'  12,/'  7//' 

occupancy6 

27T,  3irr 
On'  lOn ' 

lry 

In" 

2vy 

2n  " 

3/ry 

3n ' 

Spin 

coupling 

sequence1 

Weighting  coefficients  at  H.:tl/ltuo/'AUUlj 

2.132  2.132  2.132 

2.238  2.238  2.238 

:  90-  130“  180“ 

1 

2 

2 

0 

0 

2 

2 

0 

2 

2 

0 

0.955 

0.949 

0.95G 

2 

2 

2 

0 

0 

o 

2 

0 

2 

0 

2 

-0.090 

-0.127 

-0.12G 

3 

2 

2 

0 

0 

2 

0 

2 

2 

2 

0 

-0.188 

-0.158 

-0.12G 

4 

2 

0 

2 

0 

2 

2 

0 

2 

2 

0 

-0.019 

-0.020 

-0.018 

5 

2 

0 

0 

2 

2 

2 

0 

2 

2 

0 

-0.052 

-0.018 

—  0.004 

C 

2 

2 

0 

0 

2 

2 

0 

0 

2 

2 

-0.058 

-0.050 

-0.018 

7 

2 

2 

0 

0 

0 

2 

2 

2 

2 

0 

-0.044 

-0.053 

-0.018 

8 

2 

2 

0 

0 

2 

1 

1 

2 

1 

1 

SOS 

-0.140 

— 0.14G 

-0.145 

9 

2 

2 

0 

0 

2 

1 

1 

2 

1 

1 

TDS 

-0.018 

-0.055 

-0.043 

10 

2 

2 

0 

0 

2 

1 

1 

2 

1 

1 

SOS 

-0.005 

-0.075 

-0.071 

11 

2 

1 

1 

0 

2 

2 

0 

2 

1 

1 

SOS 

0.018 

0.001 

0.050 

12 

2 

1 

1 

0 

2 

1 

1 

2 

2 

0 

SOS 

0.054 

0.052 

0.050 

13 

2 

1 

0 

1 

2 

2 

0 

1 

o 

1 

SOS 

-0.078 

-0.0G9 

-0.071 

14 

2 

1 

0 

1 

1 

2 

1 

2 

2 

0 

SDS 

-0.000 

— 0.0G7 

-0.071 

15 

2 

2 

0 

0 

2 

0 

2 

2 

0 

2 

0.047 

0.054 

0.045 

1C 

2 

2 

0 

0 

0 

2 

2 

2 

1 

1 

S 

0.011 

-0.022 

-0.018 

17 

2 

2 

0 

0 

2 

1 

1 

0 

2 

2 

S 

-0.012 

-0.019 

-0.018 

18 

2 

2 

0 

0 

1 

2 

1 

1 

1 

2 

SOS 

-0.000 

0.028 

0.027 

19 

2 

2 

0 

0 

1 

1 

2 

1 

2 

1 

SOS 

-0.003 

0.033 

0.027 

Total 

energy  +  183, 

a.u. 

SCF 

-0.415C 

-0.5310 

-C.G019 

MCSCF  (19  MC) 

-0.5592 

-0.7015 

— 0.771G 

MCSCF/CI  (19  MC/99 

Cl) 

-0.5727 

-0.7105 

-0.7819 

*Thc'  configuration  list  was  optimized  at  (rt^, /fKO,rl(<N-o)=  (2. 132  a.u.,  2.233  a.u.,  180°),  tlie  experimental  equilibrium 
geometry.  The  atomic-one  electron  bases  were  the  4>-3 />  sets  from  lief.  3C. 

6A  core  In2  2 a2  3o2  In2  Go2  is  assumed. 

'Cumulative  spin  coupling  from  the  left.  Abbreviations:  S,  singlet-,  D,  doublet;  T,  triplet. 


The  corresponding  energy  minimum  for  the  98  C!  wave- 
function  with  the  18  MC  orbitals  (18  MC/98  Cl)  was 
found  to  be  (/f Jjn  i  A  no/  '‘Inno)  =  (2-  3085  a-  »>•  i  2.  5979 
a.u.,  132.  G8U). 

Figures  5  and  6  illustrate  the  potential  energy  de¬ 
pendence  upon  each  internal  coordinate  at  the  minimum 
located  with  each  correlated  wavofunction.  The  total 
energies  at  the  minima  illustrated  in  the  ffNN,  /ftI0, 
and  clNK0  curves  for  the  18  MC  and  18  MC/98  Cl  wave- 
functions  are  within  0.00001  a.u.  (<0.0003  cV)  of  one 
another.  Thus,  the  18  MC  (18  MC/98  Cl)  minimum 
given  above  is  indeed  optimized  in  all  three  coordinates. 

Each  potential  curve  minimum  was  located  by  a  nu¬ 
merical  search  of  a  function  fitted  to  the  computed 
points  Er(A‘),  where  X  is  /iNN,  /fKO,  °*'^nno-  t1,c 
form  of  the  fit  function  l'(.Y)  was  a  polynomial  of 
degree  u  -  1  in  X.  The  curve  drawn  through  eacli  set 
of  computed  points  in  Figs.  5,  C,  and  8  represents  l'(.Y) 
fitted  to  those  points.  The  force  constants  were  then 
computed  from  the  second  derivatives  V"(X")  =  [3:l'(-Y)/ 
3.Y 2 |jf. x*  of  the  fit  function;  tNN  -  i"'(/{JrN),  1-N0 
-V'  (R‘uo\  ^NNO"  ^:JO  • 

The  results  for  all  SCF,  MCSCF,  and  MCSCF/CI 
calculations  made  of  the  minimum  in  the  N-0'(A' \l') 
potential  energy  surface  are  summarized  and  com¬ 
pared  to  NjOCY'S*)  in  Table  VI.  From  Table  VI  it  can 


I-'IG.  5.  Pending  potential  curves  for  N;0‘CY2/t ')  near  the 
minimum  with  the  If.  MC,  lf>  MC/98  Cl,  18  MC,  ami  18  MC/98 
CJ  wuvefunctlons.  The  bond  lengths  arc  /.’hn"  2.3015  a.u.  and 
/{fio19  2.G0G1  a.u. 
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I-'ICl.  0.  Pond  stretching  potential  curves  for  N20.  The  curves 
for  the  15  MC  and  15  MC/US  Cl  tvavefunc  lions  were  computed 
at  130°.  The  curves  for  the  IS  MC  and  IS  MC/08  Cl  wavefunc- 
lions  were  computed  at  133.73°.  The  unvaried  bond  length  was, 
alternatively,  /tnN“2,3015  a.u.  and /tNCr  2.0051  a. u. 


the  MCSCF/CI  calculations42  for  N20(A''2£*)  with  the 
same  basis  set  as  used  here  for  the  ion  give  the  N-N 
and  N-0  equilibrium  bond  lengths  to  be  about  2%  and 
5%  greater,  respectively,  than  the  experimental  values. 
The  equilibrium  bond  angle  for  N02(.Y!,t,),  which  is 
isoelectronic  with  N20'(  is  found  in  an  MCSCF/C1  cal¬ 
culation  by  Gitiispie  cl  fit. 32  to  be  within  0.  5 3  of  the 
experimental  value  of  134.  I".24  The  basis  set  for  the 
latter  calculations  was  augmented  with  d  functions. 

From  these  considerations  the  error  in  the  minimum 
located  here  for  NjO'fA^A')  is  estimated  to  be  0.05  A 
in  0. 10  A  in  R\,ot  and  2 '  in  Af.K0. 

The  error  in  the  predicted  force  constants  for 
N20'(A'2/1')  can  be  assessed  by  analogy  to  the  MCSCF/ 
Cl  calculations  for  N20(A'*z;*). 42  In  the  latter  calcula¬ 
tions  the  force  constants  were  found  to  be  uniformly 
less  than  their  experimental  counterparts— less  by 
about  4%  for  by  12%  f or  kho ,  and  by  16%  for  /.’NN0. 
The  comparison  is  made  in  Table  VI.  In  the  absence 
of  further  information  4%-  13f'c  errors  must  be  ex¬ 
pected  in  the  ion  force  constants.  Errors  of  i0.  8, 

±0.8,  and  ±  0.  2  mdyn/A  are  estimated  for  A>N0 ,  /.•NN, 
and  /„>NNO,  respectively. 

3.  Vibrational  frequencies 

The  vibrational  frequencies  for  N20"(A'2.4')  may  be 
predicted  from  the  computed  force  constants.  These 
force  constants  determine  a  potential  V  of  (lie  form 


be  seen  that  the  bond  lengths  and  their  associated  force 
constants  change  little  as  correlation  is  added  to  the 
wavefunction.  The  bond  angle,  however,  increases 
8.9".  The  last  three  configurations  of  the  18  MC 
wavefunction  (see  Table  II)  account  for  2.  5°  of  the  in¬ 
crease.  These  configurations  involve  the  excitation  of 
an  electron  out  of  the  10n'(3^)  orbital.  It  is  the  oc¬ 
cupancy  of  this  orbital  in  the  SCF  configuration  which 
causes  N20*  to  be  tent  in  the  A' '.4'  state.  The  remain¬ 
ing  6.4"  of  the  increase  is  attributable  to  Configura¬ 
tions  3-15  of  Table  II. 

With  regard  to  the  optimization  of  the  MCSCF  con¬ 
figuration  set  it  is  notable  that  the  18  MC  wavefunction 
contains  all  correlation  components  of  the  98  Cl  wave- 
function  necessary  to  represent  the  equilibrium  bond 
angle  and  other  quantities  defining  the  location  and 
shape  of  the  minimum, 

A  comparison  is  made  of  the  18  MC/98  Cl  results  for 
N,0*(A-24')  with  the  experimental  equilibrium  geometry 
for'NjO(.YlS*)  in  Table  VI.  The  results  show  the  N-N 
and  N-0  bond  lengths  of  the  ion  to  bo  about  8%  and  16% 
greater,  respectively,  than  the  neutral  values.  The 
corresponding  bond  force  constants  and  /.’NO  in  the 
ion  arc  but  •*  and  J ,  respectively,  of  those  in  N:0. 

The  ion  equilibrium  angle  is,  of  course,  much  less 
than  180"  and  its  associated  bending  force  constant  is 
31%  greater  than  for  the  neutral. 

The  accuracy  of  the  geometry  predicted  here  for 
NjO*(A  s4')  can  lie  assessed  by  reference  to  other 
MCSCl’/CI  calculations  for  the  ground  slates  of  N20 
and  NO. .  Comparisons  to  experiment  can  be  matte 
for  the  lallcr  two  molecules.  As  shown  In  Tattle  VI, 

J.  Chom.  Phyi,  Vol.  OS, 


MKnn.  Kno.  ^NNo) 

=  2  (k  +  ^NO-^NO  +  2^’NNO  ^NN  ^'o  ^NNO^  > 

where  A"  =  (,Y-A'e)  in  the  neighborhood  of  the  potential 
surface  minimum.  The  solution  of  the  Schrfklinger 
equation  for  nuclear  motion  subject  to  this  potential  for 
nonlinear  triatomics  has  been  made  and  recorded  by 
Wilson,  Decius,  and  Cross. 44  The  expanded  secular 
equation  given  by  these  authors  was  programmed  for 
numerical  location  of  roots  and,  in  turn,  solved  with 
the  force  constants  from  each  electronic  wavefunction. 
The  results  arc  included  in  Tabic  Vi. 

A  calculation  of  the  frequencies  of  neutral  N20  from 
the  experimentally  determined  force  constants44  gives 
values  for  tq,  vt,  and  jq  which  are  32  cm*1  higher,  14 
cm*1  lower,  and  38  cm'1  lower,  respectively,  than  the 
experimental  frequencies.  These  discrepancies  may 
be  taken  as  estimates  of  the  error  inherent  in  the  as¬ 
sumption  of  Eq.  (18)  to  represent  the  potential  energy 
surface  near  (he  minimum.  On  the  other  hand,  com¬ 
putation  of  the  NsO  frequencies  determined  by  the 
MCSCF/C1  equilibrium  geometry  and  force  constants 
gives  values  for  tq,  tq ,  and  iq  which  arc  62,  u5,  and 
41  cm*1  (or  5%,  11%,  and  2%,)  lower,  respectively, 
than  (lie  experimental  values.  See  Table  VI.  Thus, 
the  error  in  the  potential  shape  determined  by  MCSCF/ 
Cl  calculations  for  N.O  with  the  present,  4s3/»,  onc- 
elcctroit  basis  set  exceeds  the  error  introduced  by 
the  use  of  the  approximate  potential  form  of  Eq. 

(18). 

From  the  neutral  molecule  results  one  might  rea¬ 
sonably  expect  that  the  frequencies  tq,  tq,  and  tq  re- 

>.  12,  15  December  1070 
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TAHI.K  vi. 
sons  to  N.OCY  ‘r’). 


Computed  potential  energy  surface  cliaraciorisUcs  for  N20*tY:A')  with  a  -1*3/,  basis  sol*  and  compari- 


tifi'iX'A')  wnvcfunction 


NjOCY  ‘s*) 


Parameter 

SCF 

15  MC 

15  MC/98  CJ 

E'f  (a.u.) 

-183.0070 

— 183.G9G5 

-163.713G 

*nn<A> 

1.201 

1.219 

1.223 

E&olA) 

1.37G 

1.379 

1.383 

Kuo  (deg) 

123.6 

130.19 

132.72 

1’nn  (mdyn/A) 

11.01 

11.52 

11. 5G 

ltt jo  (mdyn/A) 

3.93 

4.01 

3.91 

h N no  (mdyn/A) 

0.G-15 

0.57G 

0.093 

Af.f1  (cV)b 

1.41 

1.16 

1.05 

^■contract  (oV)c 

1.00 

1.42 

1.41 

1'!  (cin‘*)d 

915 

934 

919 

v2  (cm*')d 

535 

021 

537 

i'3  (cm*')' 

1GG0 

1GG7 

1G72 

e  (cV)d 

0.19G 

0.190 

0.195 

P  (0) 

3.03 

2.78 

2.G7 

Au  (deg)' 

97.2 

98. 5 

95.1 

E. A.  (eV)f 

0.20 

-1.98 

-1.80 

V.E.A.  (eV)‘ 

-2.38 

—1.51 

-4.21 

18  MC 

18  MC/98  Cl 

MCSCF/Clh 

Expll. 

-183.7078 

-183.7159 

-183.7819 

... 

1.220 

1.222 

1.147 

1.128* 

1.374 

1.375 

1.240 

1.184* 

132.73 

132. C8 

180.00 

180.0* 

11.78 

11.49 

17.21 

17.88* 

4.10 

3.83 

9.99 

11.39' 

0.G58 

0.G43 

0.41 

0.49' 

1.15 

1.10 

•  •  • 

•  •  • 

1.38 

1.40 

•  •  • 

... 

91 G 

912 

1223 

1285* 

5G3 

555 

521 

589* 

1G90 

1GGG 

2183 

2224* 

0.199 

•  0.195 

0.245 

0.204 

2.52 

2.42 

0.157 

0.1GGk 

95.5 

93.3 

180.0 

•  •  • 

-1.G8 

-1.74 

•  •  • 

0.22  it 

-4.15 

-4.18 

... 

—  2. 2m 

*The  basis  set  is  from  Itef  3G. 

"Energy  rise  upon  bending  front  Aji;;o  to  180“  at  the  computed  equilibrium  bond  lengths. 

‘Energy  rise  upon  contraction  of  both  bond  lengths  to  the  neutral  experi mental  bond  lengths  at  180“. 
dThc  atomic  masses  used  were  mN-l  1.00701  and  m0"  16.0000. 

‘Sec  footnote  d  of  table  IV. 

'Adiabatic  electron  affinity  of  NbOtY  *11“),  computed  as  E. A.(N30)  =  £f(N20>  —  Ej4NjO*)  +  e(N20)  —  c(NjO").  The  SCF, 
MCSCI’,  and  MCSCF/CI  total  energies  for  NiOt.Y ’l*)  at  its  experimental  equilibrium  geometry  arc  — 183.G0187  a.u., 
— 183.7715S8  a.u.,  and  —183.781931  a.u.,  respectively. 

‘Vertical  electron  affinity  of  N:0(.Y *1*)  to  the  1  “'ll  state  of  N20",  computed  as  V.E.A.  (N20)  =  —  [/Tt(1jT!)— /TfCY*S“) 

4  t(N.O')  —  <(NjO)|at  the  XnOf.Y'E')  experimental  equilibrium  geometry.  The  7.ero-point  energy  for  NjO*(l  'll)  is  esti¬ 
mated  to  be  that  of  Nj,  0.14G  cV,  since  N20*(1  'll)  is  bound  only  with  respect  to  the  N— N  coordinate. 

"Front  Hef.  12. 

'Front  Hef.  2-1. 

'Front  Ref.  11. 

‘From  Hef.  IS, 

'Front  the  experimental  section  of  the  present  work. 

"There  is  a  broad,  strong  feature  in  the  electron  scattering  results  for  NjO  which  peaks  at  an  electron  energy  of  ap¬ 
proximately  2. 2-2. 3  cV.  Sec  Kef.  17  and  other  works  quoted  therein. 


corded  for  the  N20*(.Y*/1')  ion  in  Table  VI  are  accurate 
to  within  about  100  cnt*'. 

4.  Dipole  moment 

The  dipole  moment  p  at  the  equilibrium  geometry 
Is  found  to  depend  strongly  upon  the  addition  of  correlat¬ 
ing  configurations.  As  shown  in  Table  VI,  the  SCF 
value  Is  25ro  greater  than  the  final  18  MC/98  Cl  value  of 
2.42  D.  The  direction  angle  A„  for  the  position  of  the 
center  of  negative  charge  places  it  Inside  the  bond  angle 
/lf(H0  and  adjacent  to  the  N-0  bond. 

The  MCSCF/CI  dipole  moment  for  N20(.Y'N’)  is  0. 1G 
D  with  (lie  oxygen  atom  negative. The  experimental 
value  is  0.  17  I),  On  the  basis  of  the  G'.c  error  In  the 
neutral  compulation,  I  ho  MCSCF/CI  dipole  moment  for 
NjO'f.Y *.■!')  Is  expected  lo  be  accurate  to  within  i0. 3  D. 


The  N20*(A'2/1')  dipole  moment  as  a  function  of  geom¬ 
etry  ts  shown  in  Table  V  for  the  18  MC/98  Cl  wave- 
function.  A  positive  (negative)  entry  for  p  indicates 
that  the  polarity  is  NtO*(N20’).  The  angle  Au  is  the 
angle  subtended  by  p  on  the  vector  (flN)~  /JN2),  where 
N1  is  the  terminal  and  N2  the  central  nitrogen  atom. 

Sec  Fig.  7.  Notice  that  Anno. 

5.  Adiabatic  and  vertical  electron  affinities 

As  noted  in  Sec.  III.  D,  the  ah  initio  calculations  re¬ 
ported  upon  here  were  performed  only  to  a  degree  of 
sophistication  which  has  proven  sufficient  for  the  re¬ 
liable  determination  of  equilibrium  geometries  and 
properties.  The  greater  sophistication  required  to  com¬ 
pute  accurate  electron  affinities  or  dissertation  energies 
was  avoided  for  the  present  since  these  quantities  have 
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FIG.  7.  Coordinant  system  and  definition  of  the  dipole  direction 
angle 

been  determined  to  within  ±0. 1  eV  from  the  collision- 
induced  dissociation  experiments  reported  in  Sec.  II. 

It  is  of  interest,  however,  to  compare  the  computed 
adiabatic  electron  affinity  of  NjOCY1?:*)  to  the  experi¬ 
mental  result.  From  this  comparison  it  is  possible 
to  document  the  decree  to  which  the  differential  one- 
electron  basis  set  sufficiency  for  N20(.Y'2*)  vs 
N20'(,Y2.4')  is  balanced  by  the  differential  wavefunction 
correlation  energy.  The  degree  of  balancing  is  ob¬ 
tained  here  as  a  function  of  the  extent  of  correlation  for 
the  fixed,  4s3/>,  one-electron  basis  set.  The  depen¬ 
dence  is  shown  in  Table  VI.  For  the  SCF  wavefunction 
the  adiabatic  electron  affinity,  after  zero-point  vibra¬ 
tional  energies  have  been  considered,  is  0.  20  cV.  This 
value  agrees  very  well  with  the  experimental  value  of 
0. 22  ±0. 1  eV  from  Sec.  II.  This  agreement  at  the  SCF 
level  is  fortuitous.  The  value  computed  from  the  18 
MC/98  Cl  wavefunction  is  -  1.74  eV,  or  about  2.0  eV 
below  experiment.  The  agreement  at  the  SCF  level  is, 
thus,  the  result  of  a  cancellation  of  the  correlation 
energy  by  the  one-electron  basis  set  truncation  error. 

The  accidental  agreement  at  the  SCF  level  allows  one 
to  conclude  that  the  2.0  eV  difference  in  the  correlation 
energy  recovered  by  the  18  MC/98  Cl  wavefunction  for 
N20‘(A'2A')  and  by  the  19  MC/99  Cl  wavefunction  for 
N20(.Y*S*)  is  an  indication  of  the  insufficiency  of  the 
valence  orbital  space  for  the  construction  of  correlated 
MCSCF/CI  wavcfunctions  for  the  two  systems.  The 
two  electron  volt  estimate  is  only  indicative,  rather 


than  predictive,  of  this  differential  valence  space  suf¬ 
ficiency  since  the  correlation  energy  for  these  two  par¬ 
ticular  ion  and  neutral  states  will  probably  not  be  equal¬ 
ly  affected  by  basis  set  improvements. 

The  vertical  electron  affinity  of  N20(A''S*)  to  the  1  2n 
state  of  NsO"  Is  computed  to  be  -  2.  38  eV  in  the  SCF 
and  -  4.  18  eV  in  the  18  MC/98  Cl  calculations.  Zero- 
point  vibrational  energies  have  been  considered.  See 
Table  VI.  From  the  above  comparison  of  the  adiabatic 
electron  affinity  to  experiment  it  is  seen  that  the  error 
bracket  for  the  present  (4s3/>  valence  space)  ab  initio 
electron  affinities  is  at  least  2  eV. 

6.  Barriers  to  linearity  and  bond  length  contraction 

The  barrier  to  linearity  at  the  optimized  bond  lengths, 

A E£"d,  is  given  in  Table  VI  for  the  SCF,  15  MC,  15 
MC/98  Cl,  18  MC,  and  18  MC/98  Cl  wavcfunctions. 

All  of  the  correlated  wavcfunctions  give  a  value  of 
about  1.  1  eV.  The  somewhat  larger  value  given  by  use 
of  the  SCF  wavefunction  correlates  with  the  location  of 
the  equilibrium  SCF  valence  angle  at  several  degrees 
below  the  correlated  equilibrium  angle.  1 

The  barrier  to  the  contraction  at  180’  of  the  bond 
lengths  from  the  equilibrium  ion  values  (calculated)  to 
the  equilibrium  neutral  (experimental)  values  is  also 
shown  in  Table  VI  for  the  various  wavcfunctions  listed 
above.  The  value  for  the  final  correlated  wavcfunctions 
is  about  1.4  eV.  The  SCF  value  is  lower,  which  sug¬ 
gests  that  the  correlation  effects  which  arc  stabilizing 
at  tiie  relatively  longer  ion  bond  lengths  are  destabiliz¬ 
ing  at  the  neutral  bond  lengths. 

It  is  interesting  to  note  that  the  sum  of  the  bending 
and  contraction  barriers,  about  2.  5  eV,  is  roughly  in¬ 
dependent  of  correlation  in  the  wavefunction. 

7.  Initial  consideration  of  polarization  functions 

A  partial  consideration  of  the  effects  of  polarization 
functions  upon  the  results  reported  above  has  been 
made.  The  4s3p  basis  set  was  augmented  with  a  full 
set  of  six  Cartesian  il  functions  with  exponent  1.00. 

The  MCSCF/CI  results  for  NzO*  and  N20  at  their  rcspec-  f\ 
tlve  equilibrium  geometries  are  given  in  Table  VII.  The 
4s3pW  basis  set  yields  total  energies  which  are  several 
electron  volts  lower  than  their  4s3/>  counterparts.  Not 


TABLE  VII.  Effect  of  polarization  functions  on  the  adiabatic  electron/ affinity  of  NjO  and  the  dipole  moments  of  NjO' 
and  NjO.3  _ 


/■){■  + 183  (a.u.) 

Geometry  (a. it.,  deg.)  Ilasls  AFj-  E.A.*  (cV)  basis  P  (I))'  basis 

Molecule 


(state) 

fftfN 

fftto 

■A  UNO 

•Is3 1> 

4s3/>l.f 

(cV) 

4s3 \f> 

•ls3/»lrf 

4s3 f> 

•I.«r3/>1// 

NjCm1/!') 

2.3015 

2.0031 

132.7 

— 0.710SU7 

-0.782119 

-1.81 

•  •  *  •  •  • 

2  12 

2.181 

N-OIV  V) 

2.1320 

2.2378 

180,0 

-0.781931 

-0.88291 

-2.75 

-1.71 

-2.08 

0.157 

0.051 

•For  N..CTCV  \t '),  the  18  MC/98  Cl  wavefunction  was  used.  For  NjO  IY  the  19  MC/99  Cl  wavefunction  was  used. 
The  (/-function  ex|Kiuent  was  1.90. 

kl'he  adiabatic  electron  affinity  is  computed  ns  K,  A.  (NjO)  ■=•  /TjdNjO)  — FjdNjO')  >  r(N’:0)  —  dNjO").  The  zero-point 
energies  <  arc  given  In  Table  VI. 

*ln  all  entries  the  polarity  Is  NjO*. 
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TABLE  VIII.  Bonding  potential  curve  and  dipole  moment  func¬ 
tion  for  N;OCV  ’v*).  *  ' 


dxaa 

A'r  ■  1S3  la. n.) 

— 

0<l»r 

Aur 

(iii-gi 

SCI- 

10  MC 

19  MC/99  Cl 

IS  MC/99  Cl 

Ole;;) 

Iso 

-0.001*71 

—  0.77 3. GSM 

-0.7s  licil 

0. 157^ 

160.0 

175 

-U. GO]  37s 

—  0.771  1  lsb 

—  0.7H1-I576 

170 

—  ti,59!)S  17 

-0.70077S 

-0.770001 

0.1H7 

110.1 

1G0 

-0.580170 

—  0.7518GS 

—  0.701205 

0.370 

113.3 

180 

—  0. 5310 15 

-0.701527 

-U. 710515 

0.721 

102. G 

no 

-0.-I551CS 

-0.  GO  1001 

-0.001058 

1.21-1 

103.5 

luo 

-U.5311GG 

—  0. 500023 

1.302 

101.8 

00 

—  0.11 5559 

-0.5592.10 

-0.572735 

0.075 

75.5 

60 

—  0. 5311901) 

-0.553218 

0.G1G 

59. G 

70 

-0.-180762 

-0.502735 

0 . 5Gs 

GG.i 

'Basis  set — isli/t  Dunning;  Hcf.  3G.  Experimental  bond  lengths; 
lief.  21.  MCSCK  wavefunction  19  MC-7110. 

’Interpolated. 

'See  footnote  d  of  Table  V. 

“The  experimental  value  is  0.1CG  D.  See  Ref.  45. 


unexpectedly,  there  is  a  different  lowering  for  the  ionic 
surface  (-  1.81  eV)  than  for  the  neutral  surface  (-2.75 
eV).  It  is  interesting  that  it  is  the  neutral  for  which  po¬ 
larization  functions  have  the  greater  effect. 

The  MCSCF/CI  4s3/>M  adiabatic  electron  affinity, 

-  2.68  eV,  is  0.  04  eV  below  the  4s3/)  MCSCF/CI  result 
and  2.  9  eV  below  the  experimental  value  from  Sec.  II. 
This  comparison  shows  that  the  valence  orbital  space 
is  even  less  adequate  for  the  correlation  of  the  ion 
(versus  the  neutral)  than  suspected  from  the  discussion 
of  the  4s3 f>  results  in  Sec.  III.  D.  5.  It  is  apparent  that 
a  further  optimization  of  the  MC  and  Cl  configuration 
lists  to  include  excitations  to  nonvalence  victuals  would 
be  at  least  if  not  more  important  than  the  inclusion  of 
polarization  functions  in  any  attempt  at  a  reliable  ah 
initio  calculations  of  the  adiabatic  electron  affinity. 
However,  the  addition  of  d  functions  effects  dipole  mo¬ 
ment  changes  which  are  less  than  the  0. 3  D  uncertainty 
assigned  to  the  4s3/>  results. 

E.  MCSCF/CI  ab  initio  bending  potential  for  NjOi-Y  ’  £+) 

The  bending  potential  curve  for  N;0(A'1S*)  from  180° 
to  70°  was  computed  with  the  SCI’,  19  MC,  and  19  MC/ 
99  Cl  wavefunctions  for  use  in  the  next  section.  The 
bond  lengths  for  these  calculations  were  the  experimental 
values.  The  results  are  presented  in  Table  VIII  and 
Fig.  8.  The  metastable  minimum  near  90“  in  the  cor¬ 
related  wavefunctions  is  yet  to  be  confirmed  by  cal¬ 
culations  involving  a  reoptimization  of  the  configuration 
lists  at  90  '.  It  probably  is  real  and  derives  from  an 
avoided  adiabatic  intersection  with  the  ‘/l'(l  ’a)  surface. 
The  dipole  moment  function  r(1kno)  is  also  reported 
in  Table  VIII. 

IV.  INTERSECTION  LOCUS  OF  THE  N.O 

AND  NjOIX’S*)  POTENTIAL  ENERGY  SURFACES 

A.  Hypersurfaco  representation  by  a  two  dimensional 
function  W/?A0,  <dA0C; 

If  one  treats  one  bond  length  parametrically,  the  full 
dimensional  potential  energy  hypersurfaco  for  a  trl- 
atomic,  r(/i* /{nc,  /lAnc),  can  be  represented  by  two 


dimensional  cuts  V'(rtAD,  AadcI/<dc).  if  one  relaxes 
the  parametric  dependence  upon  Rnc  to  an  implicit  de¬ 
pendence,  then  a  two  dimensional  function  r(/tA„, 

^nno)  results.  In  the  latter  case  IiBC  assumes  the 
equilibrium  diatomic  value  at  but  the  equilibrium 

trialomic  value  f{'hc  at  fiAB  =  /i'  „  .  The  bonds  AB  and 
BC  can  be  treated  interchangeably  and  comparisons 
made  to  establish  the  extent  to  which  such  a  two  di¬ 
mensional  treatment  is  valid.  A  possible  functional 
form  for  V(IiAn,  /1ABC)  is 

^^ABl  ^ABc)  =  ~  ^f^AB  CXP[-  P  AB^AB  “  ^  An)  ] /(-^  ABc) 

+  ^ABeXP[~  2/3  An(ffAB  —  -Rab)]  +  K.B  +  f'ac.l*  • 

(19) 

where  /(-4abc)  is  determined  from  the  condition /(A^N0) 

=  1  and  a  known  bending  potential  function 

^ABc)=  BC  >  ^ABc)  -  I'icllf  (20) 

as 

/(^ABc)  ~  1  —  l/f^ABc)  ”  .C^ABc)]  /  1 2/^5. b)  •  (21) 

Rationalizations  for  the  placement  of  the  angular  de¬ 
pendence  in  only  the  attractive  term  have  been  given 
previously. 46  The  parameter  r,eiU  is  used  to  adjust 
the  energy  origin  from  zero  at  the  hypersurface  mini¬ 
mum  as  desired.  The  conditions 

Kb  -  VUl  AB  -  «)  -  V'SC1U  =  ,  (22a) 


FICi.  K.  MCSCF/CI,  MCSCF,  ami  SCK  bonding  potential  curves 
from  DO*  to  ISO'  for  N\0*tY ')  and  N.OU'1^*).  The  ion  bom! 
lengths  </{„„,  #fNO)  In  a.u.  me  (2.2715,  2.G011)  for  tho  SCF 
nml  (2.30-15,  2.6051)  for  tlui  correlated  wave  functions.  Tho 
neutral  bond  lengths  are  tho  experimental  equilibrium  values. 
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>'(«'*»,  III  c, 

A* 

'*  a  nc 

)  “  Kiel*  -  ~  2/7ab 

•  "m, 

*  B  , 

(221.) 

0- 

^  1  (It  A 11  t  A  III- 

-  ‘^AB 

’-il&Bfj  j  • 

2  (3J  a  ii 

»3atj 

- 

i  ^au)  i 

(22c) 

I’ab 

.  P^Wab.  n Br, 

L  !,I<U 

1 

—  20*b 
C 

'^Ai*  + 

40ab  ab  > 

(2  2d) 

V(f{ 

*  n*  \e  }  _ 

A  R  »  /lDC»  ‘‘ADC' 

vtoU. 

It  DC  l 

/Iabc) 

=  -  20  AB  |oxp[ 

B(R*ab  ” 

nD)\- 

-1} 

(22c) 

+  ^An{cxp[- 

2)3 'a, 

Xb- 

«*ab)1- 

■1) 

can  be  used  to  determine  the  values  of  the  parameters 
0*n  [Fq.  (22a)J,  D ab  [»o  satisfy  Eq.  (22e)],  [Eq. 
(221))],  and  and  [from  Fqs.  (22c)  and  (22d)j  so 
as  to  establish  the  desired  surface  features.  These 
features  arc  the  potential  binding  energy  l)°Ab,  the 
stretching  force  constant  /.'AB,  the  equilibrium  geometry 
(RAB>  /JBC,  -4ABC),  the  bending  potential  function 

al  R ah -It ao  ai)d  Rnc-Rp c>  an£i  tbe  value  of  the 
potential  energy  at  a  point  (E^B,  /iBC,  -4a,!C)  with  re- 
spect  to  tlio  value  at  the  equilibrium  geometry.  The 
distance  /fAl)  should  be  considerably  less  than  Rcifl  in 
order  to  improve  the  representation  of  the  repulsive 
region.  If  Condition  (22e)  is  replaced  by  the  assump¬ 
tion  that  ad»  then  0AB  becomes  Oac  =  Oab  ailtl 

?rkb  becomes  equivalent  to  ,3AB  'vith  the  result  that 
V(R AD,  zlABC)  becomes  a  Mores  function  in 

With  the  latter  assumption,  all  of  the  features  re¬ 
quired  to  parameterize  Eq.  (19)  for  the  ground  state 
energy  surface  of  either  N-O'  or  N-O  are  available  from 
the  results  presented  in  Secs.  II  and  III  along  with 
some  literature  values  for  N;0.  Either  bond  length, 

AB  =  NN  or  AB  =  NO,  can  be  treated.  The  value  of  the 
scaling  parameter  Facll(  may  be  set  to  zero  for  N,0" 
and  determined  for  N-0  from  the  adiabatic  electron 
affinity  (from  Sec.  II)  and  the  zero-point  energies  (from 
Sec.  III). 

B.  Harmonic  Morse  representations 

Wentworth,  Chen,  and  Freeman®  proposed  the  as¬ 
sumptions  that  a'^'abc)  *s  l*lc  harmonic  bending  po¬ 
tential 

abc)  ~  ^’abc^abc  ~  -^ABc)2  l  (23) 

and  that  l)AB  -  0AO  in  Eq.  (19).  They  wrote  one  such 
resulting  harmonic  Morse  representation  V(,„(/{AB , 
Aabc),  AB  -  NO,  for  N-0  and  one  for  N-O'.  The  pa¬ 
rameters  were  determined  for  N-O  from  literature 
values  and  for  N20'  by  a  scries  of  admittedly  crude 
assumptions.  However,  /.'MNO  for  N-O*  in  Eq.  (23)  was 
treated  as  a  calibration  parameter.  Us  value  was  de¬ 
termined  from  the  requirement  that  the  lowest  energy 
crossing  point  V(R‘IOl  ABNO)  of  the  neutral  and  nega¬ 
tive  surfaces  occur  at  an  energy  0. 45  ±0.02  cV  above 
the  zero-point  energy  of  N20.  The  latter  energy  is  the 
activation  energy  which  they  obtained  from  their  mea¬ 
surement  of  the  rate  of  Reaction  (3)  as  a  function  of 
temperature  over  the  range  -  GO  to  215  'C,  The  ob¬ 
jective  of  Wentworth,  Chen,  and  Freeman  was  the 


estimation  of  Ihe  adiabatic  electron  affinity.  However, 
it  is  interesting  to  note  for  later  comparison  that  they 
reported  a  value  of  1G0  for  .4J.,;o. 

The  results  of  the  present  study  may  be  used  to 
establish  all  of  the  parameters  in  the  harmonic  Morse 
function  without  any  assumptions  or  calibrations  to  re¬ 
action  thresholds.  The  minimum  energy  crossing  locus 
(Awo*  Aj]NO)  and  its  activation  energy  with  respect  to 
N2O'(0,  0,  0)  may,  thus,  be  predicted.  Comparisons 
with  the  experimental  activation  energy  and  the  vertical 
electron  affinity  will  serve  to  check  the  appropriateness 
of  the  harmonic  Morse  functional  form.  The  values  for 
the  parameters  are  given  in  Table  IX.  The  minimum 
energy  surface  intersection  is  shown  in  the  harmonic 
section  of  Table  X  for  the  SCF,  18  MC,  and  18  MC/98 
Cl  N-O’  wavefunctions.  The  vertical  surface  separa¬ 
tion  at  the  N-O  equilibrium  geometry  is  also  listed  in 
Table  X.  The  latter  energy  quantity  is  some  7, 0-9.8 
eV.  The  ab  initio  vertical  excitation  (resonance)  en¬ 
ergy  for  N20’(1  2II)  above  N20(.V'e*)  is  2.3-3.  9  cV, 
depending  upon  the  degree  of  wavefunclion  correla¬ 
tion.  See  Table  VI.  The  main  source  of  this  rather 
large  discrepancy  is  the  assumption  of  a  harmonic 
bending  potential.  This  source  of  error  can  be  re¬ 
moved  by  replacing  Eq.  (23)  with  an  anharmonic  repre¬ 
sentation  of  A’(/tABC).  A  direct  way  of  providing  the 
anharmonic  potential  is  taken  in  the  next  subsection.  It 
is  noted  that  the  crossing  angle  AJ.s-0  is  about  6"  be¬ 
low  the  value  reported  by  Wentworth,  Chen,  and  Free¬ 
man.  8 

C.  Anharmonic  Moise  representations 

The  shape  of  the  anharmonic  bending  potential, 
^aWabcJ-A'a^abc).  is  reliably  given  if 

n 

TTaWaBc)  =  /La  C(^ABC  i  (2^) 

where  the  expansion  coefficients  C,  are  determined  by 
an  exact-matching  fit  of  Eq.  (24)  to  n  ab  initio  potential 
energy  surface  points  V(/lAB,  ReDC,  Aabc).  The  n  val¬ 
ues  of  -4ABC-are  chosen  in  this  study  to  span  the  range 
90?-180*.  Wherever  necessary  a  point  at  175 J  is  in- 
Cluded.to  ensure  lhatjf^(180')  =  0. 

The  bending  potential  energy  curves  for  N-0’(A'\4') 
and  N-0(.Y’iI*)  are  shown  in  Fig.  8  for  selected  SCF, 
MCSCF,  and  MCSCF/CI  wavefunctions.  Note  that  only 
the  shape  of  these  curves  enters  into  Eq.  (21)  and, 
thence,  their  placement  on  the  energy  scale  does  not. 
The  anharmonic  Morse  representation  VAV(f{AB,  Aadc) 
is,  then,  Eq.  (19)  with  the  approximation  that  D\c 
=  Oab  and  with /(.1ABC)  Riven  by  Eqs.  (21)  and  (24). 

The  anharmonic  section  of  Table  X  displays  the  re¬ 
sults  obtained  with  VAJ((flAD,  AAnc).  For  All -NO,  the 
separation  of  the  N-0  and  N-O’  surfaces  at  the  equilib¬ 
rium  geometry  (/f'ADc 'lABC)  of  tllc  fon,,cr  is  lowered  lo 
3. 8-4. 8  eV,  which  slightly  overlaps  the  2. 3-3.9  cV 
ah  initio  range  given  in  Table  VI.  Thus,  the  anharmonic 
modification  is  ~  necessary  improvement  which  greatly 
Increases  the  faithfulness  with  which  the  shape  of  ab 
initio  potential  surface  is  represented. 
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'1AI  LK  IX.  Parameters  for  the  angular-dependent  Morse  function  VuUlKn,Al%nc) . 

Molecule  (state) 


NjOTY  VI 

')* 

n2ocy  'x*)d 

MCSCF 

MCSCF/ Cl 

Parameter**' 

Units 

(ExpU) 

SCI-' 

(18  MC) 

(18  MC/9S  Cl) 

l^NN-O 

cV 

3.708 

0.480 

0.483 

0.479 

Puo 

A*1 

3.07C 

5.055 

5.183 

4 . 993 

Ko 

A 

1.1842 

1.3704 

1.3739 

1.3747 

kmo 

cV/dcg5 

0.0012-10 

0.0020G2 

0.002101 

0.002051 

■^NNO 

deg 

180.0 

123.0 

132.7 

132.7 

Tscale 

cV 

0. 10 

0.00 

0.00 

0.00 

7)0 

^N-NO 

cV 

5.006 

5.157 

5.100 

5.150 

Putt 

A*' 

3.3188 

2.643 

2.GC9 

2.037 

If  NN 

A 

1.1282 

1.2030 

1.2197 

1.2210 

^ab-c”  A\ij-c  +  cahc  —  cad.  where  Pab-c  is  the  experimental  dissociation  energy  and 
the  c  are  the  zero-point  vibrational  energies  whose  value  in  cV  are  0.251  (\20), 
0.195-0.190  (N20‘),  0.1-10  INN),  0.118  (NO),  and  0.  ICO  (NO*).  See  Hcf.  21. 

Vab  -1 .70055  (I.'au/Daq)112,  where  /.■  ab  is  in  nidyn/A  and  />AB  is  in  cV  to  Rive  in 

A*1. 

cVsc.,|„  =  E.A.(N,0)-f(N20)  ■  e(N.O")  positions  the  potential  minimum  of  the  neutral 
surface  with  respect  to  the  negative. 

‘‘The  experimental  quantities  required  to  compute  these  parameters  are  listed  and 
referenced  in  Table  VI. 

'Computed  from  the  results  presented  in  Tables  I  and  VI. 


Further  improvement  can  be  made  by  removing  the 
assumption  that  /JAB=Z)AD.  The  niost  important  result 
of  this  improvement  would  be  the  treatment  of  the  re¬ 
pulsive  portion  of  V(RAn,  .-lAnc)  for  All  =  NO.  This  can 


be  seen  as  follows.  The  anharmonic  Morse  function 
for  AB-NN  places  the  vertical  excitation  energy  at 
1.6  eV.  See  Table  X.  This  result  is  in  better  agree¬ 
ment  with  the  more  reliable,  lower  end  of  the  ab  initio 


TAJSLE  X.  Minimum  potential  energy  crossing  point  V*(r^K,  AJx D)  and  equilibrium  geometry 

vertical  surface  separations  for  the  ground  state  energy  surfaces  of  N20  and  N20‘  as  given  by  various 
angular-dependent  Morse  functions  V'(Pabi  Anno*-'1 


Character 
of  the 
angular 
dependence 

AB 

Wave 

function11 

Minimum  in  the 
intersection  locus 

V*  fljtu  •'“'tlNO 

(eV)  (A)  (deg) 

Surface  separation 
F(N20‘)-V(N20)  eV 
at  the  equilibrium  geometry 

N2Q"  n2o 

Harmonic 

NO 

SCF 

0.9(529 

1.295 

140.8 

-2.01 

9.80 

MCSCF 

0.7881 

1.282 

151.7 

-1.08 

7.47 

MCSCK/CI 

0.7749 

1.279 

151.7 

-1.08 

7.00 

NN 

SCF 

0.7CS1 

1.175 

149.3 

-1.95 

4.09 

MCSCF 

0.6205 

1.175 

151.1 

-1.5-1 

3.23 

MCSCF/CI 

0.0221 

1.170 

15-1.2 

-1.51 

3.18 

Anharmonic 

NO 

SCF 

0.9110 

1.310 

152. G 

-2.35 

•1.85 

MCSCF 

0.7191 

1.280 

153.0 

-1.81 

4.25 

MCSCF/CI 

0.7530 

1.284 

153.1 

-1.82 

3.89 

NN 

SCF 

0.0991 

1.180 

153.7 

-  2.-11 

1.S1 

MCSCF 

0.5795 

1.178 

155,3 

-1.72 

1.09 

MCSCF/CF 

0.5911 

1.179 

155.(1 

-1.71 

1.64 

'See  Eqa.  <19)  —  (21)  and  (23)  and,  for  (he  autumn. mic  only,  Kq.  (21)  as  well. 

‘The  neutral  surface  Is  determined  completely  from  the  experimental  quantities  In  the  harmonic  Morse 
representation.  In  the  anharmonic  Morse  representation  the  nt>  initio  bending  potential  replaces  Iho 
harmonic  tor  both  neutral  anil  the  Ion.  All  or  the  parameters  for  the  Ion  surface  are  determined  front 
the  experimental  and  Ihcoreliea!  surface  features  reported  In  Sees.  II  and  III  of  this  paper.  See  Tit- 
bio  VI.  The  neutral  geometry  at  equilibrium  is  experimental .  Tito  Ion  geometry  and  |ioleit(liil  param¬ 
eters  nrc  computed  and  vnry  with  the  wavcfunctlon  employed. 
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R(N--NO)  .  ANGSTROMS 


R(NN--O)  .  ANGSTROMS 


FIG.  9.  Overlaid  NjO'W  *4  'land  N2OlA'  11‘)  contour  plots  of  the  angular  depentlont  Morse  function  VA1/(RAB,  ANt:o)  with  the  nb  initio 
MCSCF/CI  bending  potential  energy  curves.  The  intersection  locus  of  the  ionic  surface  (shown  as  solid  contours)  with  tire  neutral 
surface  (shown  as  tong-dashed  contours)  is  illustrated  by  the  short  -dashed  line.  The  surface  contours  are  identified  in  electron 
volts  with  respect  to  the  minimum  in  the  negative  surface.  The  neutral  surface  is  positioned  in  accordance  to  the  adiabatic  elec¬ 
tron  affinity  and  zero-point  energies,  (a)  /iA h~I?nn;  (b)  Aab  "  1>no* 


viewing  the  N20"  plots  one  should  keep  in  mind  that 
near  linearity  there  may  be  an  avoided  intersection  be¬ 
tween  the  12X*(2A')  Hydbcrg  state  and  the  2/l'(l2n)  va¬ 
lence  slate. 42  The  solid  contours  represent  the  2A' 
ion  surface  with  valence  character  even  near  180°. 
Thus,  it  is  the  diabatic,  valencelike  M'  surface  that  is 
being  represented.  In  viewing  the  plot  for  N20  in  Fig. 
9(b)  one  should  note  that  although  the  surface  is  drawn 
for  adiabatic  dissociation  to  the  asymptote  0(lD), 

N,(.Y  'SJ),  the  molecule  is  predissociated  to  the  ground 
state  asymptote  O^J’),  N;(.Y  *M*)  by  repulsive  triplet 
surfaces.  However,  as  shown  elsewhere,  the  singlet- 
triplet  surface  intersection  occurs  outside  of  Hie  pres¬ 
ent  plot  range  at  /fNO~3.  1  A.(J  A  similar  situation 
exists  for  the  N-N  bond  for  N20. 

The  various  collisional  processes  which  involve  Use 
N:0*  and  NT)  ground  state  surfaces  may  be  readily 
visualized  from  these  overlaid  contour  plots.  The 
plots  clearly  show  the  great  disparity  in  the  location 
of  the  minimum  regions  and  Use  potential  harriers  be¬ 
tween  them.  A  comparison  of  Figs.  0(a)  and  9(b)  shows 
the  strong  difference  between  Hie  weak  N2-0'  Ixind  vs 
Hie  strong  N-NO*  bond. 


V.  SUMMARY  AND  DISCUSSION 

A.  Final  results 

A  summary  of  the  final  results  from  Secs.  IT,  III, 
and  IV  is  made  in  Tabic  XI.  These  combined  results 
constitute  a  detailed  characterization  of  the  NjO'(.Y  *.•!') 
potential  energy  surface  and  its  relationship  to  that  of 
N2C(A’  ’.V).  Further  explanation  of  Hie  values  entered 
is  unnecessary  except  for  the  vertical  electron  af¬ 
finity.  This  explanation  is  given  below.  A  discussion 
of  several  of  the  quantities  entered  in  Table  XI  in  the 
context  of  the  literature  is  in  order.  Discussion  is 
given  for  the  adiabatic  and  vertical  electron  affinities 
of  nitrous  oxide  and  for  the  role  that  surface  effects 
play  in  Reactions  (l)  and  (3). 

B.  Electron  affinities  of  nitrous  oxide 

1.  Adiabatic 

The  adiabatic  electron  affinity  of  the  N20  molecule  in 
Us  ground  electronic  state  lias  boon  determined  ex¬ 
perimentally  by  various  groups  using  different  tech¬ 
niques.  A  tabulation  of  these  studies  is  made  in  Table 
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TAUI.K  XI.  nummary  of  the  quantities  determined  in  the 
present  study  to  characterize  the  A' 2 A  '  (:11)  ground  stale  poten¬ 
tial  energy  surface  of  N2U"  and  to  relate  it  to  the  X  ‘li*  energy 
surface  of  N20. 


Parameters 

Value 

Section 

NjO'CY2/!')  hyporsurface  characteristics 

O') 

0.43*0.1  eV 

II 

ZI(N-NO') 

5.13*0.1  cV 

II 

1.222  *0.05  A 

III 

1.375  *  0.10  A 

III 

Anno 

132.7  *  2  cleg 

HI 

*NN 

11.49*0.8  mclyn/A  III 

*NO 

3.83*0.8  nulyn/  A 

111 

^UNO 

0.04  *0.2  rmlyn/A 

III 

"t 

912*100  cm'1 

III 

''2 

555  j  100  cm'1 

III 

1GGC  *100  cm'1 

III 

«(X20') 

0.195*0.02  cV 

III 

11 

2.42*0.3  D 

111 

AE?*1 

(barrier  to  linearity 

at  Him •  ft&o) 

1.10  eV 

III 

AA.fontr«t 

1.40  cV 

III 

(barrier  to  bond  length 
contraction  to  the 
neutral  values  at  180”) 

Electron  affinities 

E.A.(N20)  0.22*0.1  cV  11 

V.E.A.(XjO)  -2.23*0.2  eV  II  and  111  as 

combined  in  V 

Minimum  energy  point  in  the  crossing  locus  of  the  neutral  and 


ion  ground  state  hypcrsurfaccs 
y.  _  V>'(Ih20')  0.67*0.1  eV  IV 

nit,  1.18  *0.00  A  IV 

«50  1.28*0.10  A  IV 

AJko  154  *3  dog  IV 

Reaction  thresholds 

— €  [Reaction  (3)  I  0.40  J  0.1  eV  IV 

F.„  [Reaction  ID)]  0.21  *0.1  eV _ IV 


XII.  That  the  adiabatic  electron  affinity  might  be  posi¬ 
tive  while  the  vertical  electron  affinity  remained  nega¬ 
tive  was  suggested  in  1907  by  Ferguson,  Fchsenfeld, 
and  Schmoltckopf.  4  IJardsley7  concurred  in  his  molec¬ 
ular  orbital  analysis  In  1909.  In  1971  Wentworth,  Chen, 
and  Freeman  reported  a  value  of  0.  3 1 0.  2  cV  which 
they  deduced  from  a  thermal  electron  attachment  rate 
experiment.  Nalley  cl  ■il.s>  .subsequently  reported  a 
lower  bound  tor  Ihc  electron  affinity  of  -  0. 15*0.  1  cV 
from  Ihelr  cesium  eotlisional  Ionization  experiments  In 
1973.  Tiernan  and  Clow10  reported  F.  A.  (N2O)-0.  G  cV 
on  the  basis  of  eoliisituial-lndiired  dissociation  experi¬ 


ments,  but  they  made  no  correction  of  the  data  to  take 
into  account  the  velocity  distributions  of  the  ion  beam 
and  the  target  gas.  The  present  collision-induced  dis¬ 
sociation  result  of  0.22*0. 1  cV,  which  is  based  upon 
data  which  have  been  corrected  for  the  ion  and  neutral 
velocity. distributions,  is  perhaps  the  most  reliable 
measurement  reported  to  date. 

The  estimate  of  the  adiabatic  electron  affinity  re¬ 
ported  by  Wentworth,  Chen,  and  Freeman*  is  in  good 
agreement  with  the  determination  reported  here,  but 
it  appears  that  this  agreement  may  bo  fortuitous. 
Wentworth  ci 'll.  made  their  estimate  from  the  dif¬ 
ference  in  the  potential  minima  of  the  harmonic  Morse 
function  discussed  in  Sec.  IV  as  parametrized  for  N20 
and  NzO*.  This  parameterization  was  based  in  part  on 
experimental  information  but  involves  some  gross 
assumptions.  These  assumptions— e.  g. ,  the  value  of 
D( Nj-O'),  the  harmonic  form  of  and  the  value 

of  /ftj0(N2C')— are  shown  by  the  present  study  to  be 
markedly  incorrect. 

As  noted  in  See.  Ill,  the  theoretical  calculations  were 
not  performed  at  the  level  of  sophistication  necessary 
to  produce  accurate  adiabatic  electron  affinities.  The 
good  agreement  at  the  SCF  level  is  happenstance.  An 
error  bracket  of  ~3  eV  is  assigned  to  the  present 
(4 s2pl'l  valence  space)  nh  inilio  adiabatic  electron  af¬ 
finity  on  the  basis  of  the  0,  2*0. 1  eV  experimental 
value. 

2.  Vertical 

The  vertical  electron  affinity  (resonance  energy)  for 
N20(A'’s*)  going  to  the  2A'(12H)  state  can  be  reliably 
obtained  from  combining  the  experimental  and  theoret¬ 
ical  results  of  the  present  paper  with  the  following 
computativc  cycle: 

V.  E.  A.  (A'’E‘-  l2fl) 

=  E.  A.  (N20)  -  e (A'  ’S*)  +  e  (A' 2  A’) 

-  AE?0<I- AE5r*‘r*c‘+e(A'1S4)-c(l2n)  .  (29) 

This  cycle  may  be  expected  to  yield  a  reliable  result 
since  it  is  written  so  as  to  depend  upon  those  areas  of 
the  present  study  which  have  been  established  (o  be  of 
predictive  quality—  nb  initio  surface  shape  features  in 
the  interactive,  triatomic  region  and  Hie  experimental 
adiabatic  electron  affinity.  All  of  the  quantities  needed 
to  evaluate  Eq.  (29)  are  listed  in  Table  X,  except  for 
c(N20),  which  is  0.254  cV  (Ref.  24),  and  c(l2n),  which 
may  be  estimated,  for  reasons  given  earlier,  as  that 
of  nitrogen,  0. 146  eV.  The  resulting  vertical  electron 
affinity  is 

V.  E.  A.  (A'  ’E*  -  1  2I1)  ^  -  2.  23  *  0.  2  cV  .  (30) 

This  value  is  to  be  compared  with  the  broad  experi¬ 
mental  electron  scattering  feature  centered  at  about 
2,  2  cV.  See  Zccca  cl  til. 17 

Comparison  can  also  be  made  to  the  vertical  electron 
affinity  lo  Ihc  1  :E*  state  of  the  negative  ion  V.  E,  A. 
CY’M*-  1  :E*).  An  MCSCF/CI  calculation  of  the 
V.  E.  A.  (.V  ‘E*  -  1  :E*)  as  -  1.  8  *  0.  5  cV  by  Hopper  cl 
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'J  Altl.i;  XII.  Adiabatic  electron  affinity  of  N:OtV  lv *) , 


Paper 

Electron  allimty 
(eV) 

Method 

Wcnlwurth,  Chen,  Freeman  (limp 

o.a  !  o.:; 

Deduced  from  the  activation  energy  for  thermal  election  attachment  rate 

N alley  .■/  al.  (I!)?:!)1’ 

>  -  0 . 1 5  i  0 .  J 

Colllsional  ionization  of  Cs 

Ticrrnan  and  Clow  Ut)75)e 

0.G 

Linear  extrapolation  of  collision-induced  dissociation  cross  section 

Present  work 

0.22  !  0.1 

Section  11— Levine  model  fit  to  collision-induced  cross  section  with  cor¬ 
rections  for  Doppler  motion  of  target  gits  and  for  ion  velocity  speed 

0.20 

Section  111— nb  initio  SCF  calculations  with  a  is3f>  orbital  expansion 
basis.  The  good  agreement  is  happenstance. 

>-1.7 

Section  III — nb  initio  MCSCl-’/Cl  calculations  with  a  ls3/>  orbital  basis  and 
and  restriction  of  correlating  configurations  to  those  constructablc 
from  the  valence  space.  This  is  a  lower  limit;  see  text. 

‘Reference  8.  '’Reference  9.  “Reference  10. 


al.  ’2  is  probably  reliable  since  it  included  a  diffuse  s 
basis  function  to  describe  the  Rydberg  character  of 
the  8a  orbital  in  N20'(A'2E*)  and  since  differential  cor¬ 
relation  effects  to  the  3a  orbital  play  no  significant  role 
as  they  do  for  V.  E.  A.  (.V  1  s.;’  -  1  2ll ).  Thus,  the  broad 
resonance  in  the  electron  scattering  spectrum  centered 
near  2.  2  cV  can  probably  bo  attributed  to  both  the  va¬ 
lence  1 2I l  and  the  Rydberg  1 CS*  molecular  ion  resonance 
slates. 

C.  Threshold  for  thee  +  N.O  dissociative  attachment 
reaction 

The  activation  energy  predicted  from  the  present 
study  for  the  dissociative  attachment  Reaction  (3)  is 
0.40*0.  1  oV.-  This  value  is  in  agreement  with  the 
experimental  value  of  0.45 ±0.02  eV  obtained  by  Went¬ 
worth,  Chen,  and  Freeman8  by  a  least- squares  fitting 
of  the  rate  expression  K -  AT~3,:  exp(-  Ea /k'T)  to  tiieir 
rate-temperature  data  for  Reaction  (3)  over  the  range 
-36  to  215  C.  The  location  reported  in  this  paper  for 
the  minimum  intersection  energy  at  25±3'  from  lin¬ 
earity  requires  that,  in  the  harmonic  approximation, 
the  bonding  mode  p,  in  JLO  be  excited  to  at  least  the 
p2  =  4  state.  The  energy  required  for  the  latter  excita¬ 
tion,  0.40  eV,  may  be  just  sufficient  for  reaction  to 
proceed.  However,  given  the  extended  values  of  both 
bond  lengths  at  the  minimum  intersection  energy  (sec 
Table  XI),  it  is  likely  that  excitation  of  the  symetric 
stretch  mode  would  greatly  facilitate  reaction, 

D.  Implications  of  the  potential  energy  surfaces  for  the 
kinetics  of  the  0‘  +N:  associative  detachment  reaction 

There  is  at  present  a  controversy  concerning  the  re¬ 
activity  of  O'  with  N2 .  Comer  and  Schulz18  impacted  an 
O'  ion  beam  onto  nitrogen  gas  in  such  .t  manner  that  the 
effective  Interaction  region  was  0.5  mm  in  diameter. 
They  determined  the  cross  section  as  a  function  of  the 
relative  collision  energy  lrom  0.32 ±0.5  to  14. 7 ±0.5 
cV  by  following  the  detached  electron  intensity.  The 
cross  section  scale  was  calibrated  against  the  O'  i  CO 
results  of  McFarland  ct  al. 11  From  their  results  the 
cross  section  falls  from  0.62  A2  at  0. 32  ±  0. 5  eV  to  a 


minimum  of  0.  10  A2  at  2,0±0.  5  eV  before  beginning  a 
monotonic  rise  to  1.52  A2  at  14. 7  ±0.5  eV.  Comer 
and  Schulz  report  no  observable  reactivity  at  thermal 
collision  energies.  Thus,  the  cross  section  is  ex¬ 
pected  to  rise  from  zero  to  a  peak  located  at  a  col¬ 
lision  energy  between  0,03  and  0,32  eV,  Their  cross 
section  at  0.  32  oV  corresponds  to  a  rate  coefficient  of 
1.  5*  10'"  cm3  s'1, 

1, indinger  ct  al . so  performed  a  flow-drift  experiment 
in  which  they  followed  an  effective  rate  constant  for 
O'  depletion  as  a  function  of  the  N2  concentration  in  the 
ion  drift  region  of  their  flow  tube.  Their  effective  rate 
constant  is  averaged  over  internal  energy  distributions 
but  not  over  the  relative  collision  energy,  They  report 
no  observable  reaction  for  relative  collision  energies 
from  about  0,03  eV  to  about  1  eV,  From  this  observa¬ 
tion  they  suggest  that  the  reaction  rate  for  the  entire 
range  is  less  than  10'12  cm3  s'1.  Lindinger  ct  al,  at¬ 
tempted  to  reconcile  their  results  with  those  of  Comer 
and  Schulz1*  by  folding  the  latter  authors’  cross  section 
into  a  displaced  Maxwellian  distribution  applicable  to 
the  field-drift  environment.  The  assumption  was  made 
that  the  Comer  and  Schulz  cross  section  was  zero  be¬ 
low  0.32  eV.  The  resulting  effective  rate  coefficient, 
7x  I0'12  cm3  s'1  for  relative  drift  energies  of  0.  5- 1  eV, 
was  taken  by  Lindinger  cl  al.  lo  indicate  that  the  two 
experiments  are  irreconcilable. 

From  the  present  paper  the  energy  threshold  to  Re¬ 
action  (1)  is  established  as  0.2l±0, 1  eV.  This  result 
implies  a  very,  very  low  thermal  rate  coefficient  as 
reported  both  by  Comer  and  Schulz*8  and  by  Lindinger 
ct  al. 50  The  magnitude  of  the  predicted  threshold  aud 
the  restricted  region  of  the  minimum  energy  in  the  in¬ 
tersection  focus  of  the  ground  state  surfaces  [see  Table 
XI  and  Figs.  9(a)  aud  9(b)[  arc  in  accord  with  the  ob¬ 
servation  of  reactivity  and  an  inverse  temperature  de¬ 
pendence  of  that  reactivity  from  0.32  to  2,0  eV.  How¬ 
ever,  the  present  results  also  strongly  suggest  that 
reagent  N\  must  be  vibratioually  excited  to  at  least  the 
first  vibrational  slate  for  reaction  to  proceed  for  col¬ 
lision  energies  below  several  eV.  This  last  conclusion 
follows  from  the  value  of  IiSN  being  definitely  greater 
than  that  of  the  outer  classical  turning  point  of  N2(p 
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=  0)  but  approximately  equal  to  that  of  N2(t<  =  1).  Also, 
the  statistically  favored  collision  angle  is  90  and,  as 
illustrated  in  Fir.  9(l>),  a  collision  energy  of  about  5 
eV  is  required  to  reach  the  crossing  locus  at  this  angle. 
The  crossing  locus  is  less  than  1  eV  above  the  re¬ 
agents  only  for  angles  greater  than  about  140  .  This 
situation  may  be  aptly  termed  a  dynamic  hindrance  to 
Reaction  (1)  and  because  of  it  translational  excitation 
is  not  expected  to  promote  reactivity  for  thermal  N2 . 

This  dynamic  hindrance  suggested  by  the  potential  sur¬ 
face  studies  of  the  present  paper  is  in  accord  with  the 
lack  of  reactivity  for  thermal  N2  for  relative  energies 
up  to  1  eV  or  well  above  the  energy  threshold  to  Reac¬ 
tion  (1).  The  present  results  also  indicate  that  the 
results  of  Comer  and  Schulz  could  be  explained  if  some 
N2  vibrational  excitation  is  effected  in  their  experiment 
by  collisions  of  the  electrons  being  released  in  the  col¬ 
lision  cell  of  their  apparatus. 

VI.  CONCLUSION 

The  potential  energy  surface  of  the  A'2A'(12FI)  state 
of  N20"  is  stable  in  its  equilibrium  region  with  respect 
to  either  dissociation  or  detachment.  This  conclusion 
is  supported  by  both  the  experimental  and  the  theoret¬ 
ical  studies  which  have  been  described  in  this  report. 

The  quantities  required  to  characterize  this  surface 
and  to  relate  it  to  the  neutral  ground  state  surface  have 
been  determined  and  are  summarized  in  Table  XI. 

An  experimental  value  of  0. 22  ±0. 1  eV  is  established 
for  the  adiabatic  electron  affinity  of  N.O.  It  is  concluded 
from  this  study  that  it  is  an  electron  correlation  effect 
which  causes  the  adiabatic  electron  affinity  to  be  posi¬ 
tive.  In  the  ab  initio  calculations  reported  here  the 
augmentation  of  the  onc-elcctron  basis  set  with  neither 
diffuse  s  and  />  functions  nor  polarization  d  functions 
significantly  improves  the  ab  initio  adiabatic  electron 
affinity  value.  In  fact,  the  discrepancy  with  the  experi¬ 
mental  value  becomes  greater  with  some  of  these  basis 
set  augmentations.  The  truncation  of  the  orbital  basis 
to  the  valence  shell  is,  thus,  primarily  responsible  for 
the  large,  negative  theoretical  adiabatic  electron  af¬ 
finity.  Work  is  currently  underway  to  test  this  con¬ 
clusion  by  including  nonvalence  orbitals  in  the  orbital 
basis  from  which  correlating  configurations  are  con¬ 
structed. 

A  presentation  and  discussion  of  the  potential  energy 
surfaces  of  the  A'2A'(12II)  and  A''B‘(1  '.l')  states  of 
N2C*  and  N.O,  respectively,  shows  why  the  associative 
detachment  Reaction  (1)  is  immeasurably  slow  for 
thermal  N. .  First,  there  is  a  potential  barrier  of  some 
0.21  oV  that  the  reagents  0'(2/*) ,  N,(.V'^p  must  over¬ 
come  to  reach  the  minimum  energy  intersection  locus. 
Secondly,  given  the  threshold  energy,  the  collisions 
arc  subject  to  a  dynamic  hindrance:  only  those  which 
approach  the  minimum  energy  intersection  focus  with 
~  1M  :u,(l  expanding  while  RN0  1.29  contracting 
can  react.  The  A’M'  <  nergy  minimum  with  /lNW 
=  132.7  tends  to  cause  A,IU0  to  be  contracting  or  A’N0 
expanding  as  O'  approaches  N\  near  the  minimum  in 
the  Intersection  locus.  More  importantly,  collision 
at  an  angle  of  154  is  statistically  much  less  likely  than 


collision  at  90"  where  the  barrier  to  reaction  is  several 
electron  volts.  And,  lastly,  given  threshold  energy  and 
a  collision  angle  --- 154  ',  the  extended  value  of 
R*n  suggests  that  vibrational  excitation  of  reagent  N2 
will  be  necessary  to  reaction. 

That  Reaction  (2)  is  slow  at  thermal  energies  is  at 
least  partially  understandable  in  terms  of  the  limited 
angular  range  110"’— ICO"  over  which  short-range  at¬ 
tractive  forces  exist  between  O'  and  N2.  See  Fig.  9(b). 
The  probability  of  onsnarlment  of  the  N20'  potential 
well  long  enough  for  collisional  stabilization  is  also 
low  owing  to  the  remarkably  low  N2-0"  dissociation 
energy. 

Reaction  (3),  unlike  Reactions  (1)  and  (2),  is  not  sub¬ 
ject  to  a  dynamic  hindrance.  The  N20  molecule  must 
be  at  least  in  the  (0,  4,  0)  vibrational  state  in  order 
that  the  outer  turning  points  reach  the  critical  geome¬ 
try  (/i£N,  tfxo.  ^nno)-  The  threshold  energy,  how¬ 
ever,  is  sufficient  to  populate  N20  vibrational  levels  up 
to  and  including  (0,  6,  0),  (1,  5,  0),  (2,  4,  0),  and 
(0,  4,  1).  Because  the  N20  outer  turning  point  nuclear 
separations  for  i/1  =  gj  =  0  only  just  reach  the  critical 
bond  lengths,  levels  with  vt  or  r3a  1  may  be  expected 
to  be  the  most  reactive. 
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Luminescence  from  low-energy  Hc+/Xc  charge-transfer  reactions 
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Department  of  Chemistry.  Wright  State  University.  Dayton,  Ohio  45431 
(Received  1  November  1976) 

Optical  emissions  produced  by  collision  of  100-cV  fie  ions  with  Xc  atoms  have  been  studied  ever  the  spectral 
range  from  40  to  900  nm.  All  of  the  major  lines  in  the  emission  spectrum  can  be  assigned  to  transitions  in 
Xell  resulting  from  charge-transfer  reactions.  Emission  cross  sections  for  the  major  lines  in  the  vacuum- 
ultraviolet  and  visible  spectral  regions  are  reported  and  the  importance  of  cascading  is  assessed.  The  kinetic 
energy  dependence  is  discussed  for  several  of  these  lines. 


INTRODUCTION 

Charge  transfer  has  recently  been  shown  to  be 
an  efficient  pumping  mechanism  for  certain  laser 
systems.1' 2  In  this  laboratory,  luminescence  from 
ion-neutral  reactions  having  potential  laser  appli¬ 
cations  has  been  investigated.  Part  of  this  study 
has  focused  on  reactions  of  He*  with  rare  gases.3'5 
These  reactions  are  of  particular  interest  because 
of  the  earlier  reports  by  Lipeles  cl  nl.6  of  vacu¬ 
um-ultraviolet  (VUV)  and  visible  emissions  from 
these  reactions  at  relatively  low  interaction  en¬ 
ergies.  However,  no  spectral  assignments  or 
cross-section  measurements  for  the  production  of 
specific  states  were  made  by  these  authors  for  the 
He*/Xe  system.  In  this  communication,  we  will 
report  assignments  and  cross  sections  for  some 
of  the  major  lines  in  the  visible  and  vacuum  ultra¬ 
violet  regions. 

EXPERIMENTAL 

A.  Apparatus 

The  emission  spectra  and  the  translational  ener¬ 
gy  dependences  of  selected  spectral  lines  were  ob¬ 
tained  using  a  previously  described3  beam-spec¬ 
trometer  apparatus  constructed  in  our  laboratory. 
Briefly,  the  apparatus  consists  of  a  single  focus¬ 
ing  mass  spectrometer  with  conventional  electron 
impact  source  which  is  utilized  to  produce  a  mass- 
resolved  ion  beam  and  transmit  it  into  a  collision 
chamber.  The  apparatus  incorporates  differential 
pumping  in  order  to  minimize  collisions  of  the 
projectile  ion  beam  in  the  region  between  the  ion 
source  and  the  collision  chamber.  The  energy  and 
focal  point  of  the  ion  beam  are  controlled  by  a  de¬ 
celerating  lens  positioned  immediately  ahead  of  the 
collision  chamber.  This  is  a  four-element  slot 
lens  which  slows  the  ions  from  170  cV,  as  they 
exit  the  mass  spectrometer,  to  the  desired  inter¬ 
action  energy,  as  low  as  1.0  eV  (lab)  with  uncer¬ 
tainty  represented  by  an  energy  spread  of  1  eV 
(FWIIM).  Some  of  the  photons  produced  in  the 


collision  chamber  pass  through  the  ion  exit  slit 
and  enter  a  McPherson  1-m  VUV  monochromator. 
The  monochromator  is  equipped  with  a  variety  of 
gratings  and  photomultiplier  detectors  to  permit 
monitoring  a  broad  spectral  region.  The  output 
from  the  photomultiplier  detectors  is  pulse  count¬ 
ed  using  an  SSR  Model  1110  photon  counter. 

With  the  experimental  configuration  described, 
the  monochromator  views  along  the  axis  of  the 
ion  beam,  and  some  of  the  radiation  collected 
originates  from  collisions  occurring  in  the  region 
of  the  decelerating  lens,  where  the  He*  ion  energy 
is  higher  than  at  the  collision  chamber.  To  deter¬ 
mine  an  appropriate  background  correction  factor, 
the  ion  beam  is  deflected  immediately  in  front  of 
the  collision  region,  thereby  eliminating  reaction 
in  the  collision  chamber,  however,  not  affecting 
reactions  occurring  within  the  deceleration  lens. 
The  resulting  photon  count  is  then  subtracted  from 
the  total  photon  count  observed  while  the  ion  beam 
is  traversing  the  collision  chamber.  This  correc¬ 
tion  varies  from  10  to  30%  depending  on  the  energy 
dependence  of  the  emission. 

B.  Operating  conditions 

The  He*  ion  flux  was  2.5  x  10"  ions  cm*2  sec*1 
(current  of  40  nAcm'2)  and  Xe  atom  density  was 
1.6  x  10H  atoms  cm"3  (5-mTorr  pressure  at  room 
temperature)  in  the  interaction  region.  The  pres¬ 
sure  was  measured  using  an  MKS  Baratron  capa¬ 
citance  manometer  directly  coupled  to  the  colli¬ 
sion  region.  For  isotropic  photon  emission,  typ¬ 
ically  1  out  of  2000  photons  strikes  the  mono¬ 
chromator  grating. 

C.  Calibration 

In  the  VUV  region,  cross  sections  were  calcu¬ 
lated  using  the  best  available  data  for  detector 
quantum  efficiency.  Both  Bcndix  Channeltron7  and 
EMR  541-F“  detectors  were  used.  Namioka  and 
Hunter'3  have  reported  an  absolute  reflectance  of 
4%  at  121.G  nm  for  a  gold-coated  grating.  Samp- 


1446 


i- ii m  i n  i: s c: k n c i:  k it o m  i, o  w - k ni:kcy  ii « *  / x e . . . 


1417 


WAVELENGTH  (™) 


FIG.  1.  Optical  emis¬ 
sions  observed  In  the  visi¬ 
ble  spectral  region  from 
the  reaction  of  100-eV  lie* 
Ions  with  Xc.  Optical  reso¬ 
lution  Is  2  nm.  Note:  When 
output  from  the  digital 
counter  exceeds  full  scale 
on  the  recorder,  it  Is  auto¬ 
matically  reduced  by  a 
factor  of  10  for  plotting. 


son10  has  shown  platinum  to  have  a  reflectance  of 
about  1.4-1. 5  times  that  of  gold.  On  this  basis 
and  consistent  with  reports  of  Zaidel  and  Shreider11 
we  have  estimated  a  reflectance  of  G'.o  at  121.6  nm. 
Using  these  assumptions  we  find  that  the  calcu¬ 
lated  cross  section  of  0.60  A2  for  Lyman- a  pro¬ 
duction  (121.6  nm)  from  impact  of  a  100-eV  lie* 
ion  beam  on  hydrogen  compares  favorably  with  the 
accepted  value  of  0.44  A2  derived  by  Dunn,  Gcb-  .  .. 
alle,  and  Pretzer.12  The  relative  spectral. reflect¬ 
ances  were  interpolated  from  the  data  of  Namioka 
and  Hunter  at  121.6,  58.4,  and  30.4  nm. 

An  absolute  calibration  of  the  monochromator 
was  made  in  the  450-900  nm  region  for  each  gra¬ 
ting,  using  an  NDS-calibrated  tungsten  strip  lamp, 
based  on  the  method  outlined  by  Kostkowski  and 
Lee.13  Below  450  nm,  the  internally  reflected 
light  was  equal  to  or  greater  than  the  light  emit¬ 
ted  by  the  tungsten  lamp.  Therefore,  the  relative 
grating  reflectance11  and  photomultiplier  quantum 
efficiency15  between  250  and  450  nm  were  used  to 
determine  a  relative  instrument  function.  This 
function  was  normalized  at  450  nm  to  the  absolute 
value  obtained  from  the  NBS-calibratcd  lamp. 

Errors  are  estimated  to  amount  to  ±30%  uncer¬ 
tainty  in  the  relative  values  of  the  emission  cross 
section  and  a  factor  of  2  to  3  in  the  absolute  values. 


and  II,  all  wavelengths  calculated  by  the  computer 
search  routine  for  Xe  n  transitions  which  do  not 
violate  the  selection  rule  AJ-0,  ±  1  or  Laporte’s 
rule,  are  included.  None  of  the  observed  lines 
could  be  positively  identified  with  Ilel  or  Xel 
transitions. 

The  dependences  of  the  cross  sections  for  seve¬ 
ral  of  the  major  emissions  upon  He*  translational 
energy  were  also  determined.  The  major  line  ob¬ 
served  in  the  visible  region  (484.6 ±0.2  nm),  was 
found  to  exhibit  an  energy  threshold  which  is  be¬ 
low  10  eV  (c.m.).  Only  one  transition  can  be  iden¬ 
tified  which  is  consistent  with  this  threshold,  that 
is,  6s  4P5/2  —  6/>  4t>°/2.  Other  J  combinations  with¬ 
in  this  band  can  be  recognized  among  the  possible 
assignments  that  are  summarized  in  Table  I. 

Table  I  includes  all  possible  transitions  for  the 
five  wavelengths  listed,  consistent  with  the  spec¬ 
tral  resolution.  From  relative  emission  cross 
sections17  and  relative  transition  probabilities, 18 
we  infer  that  the  transition  6s  *P -§p*D°  is  the 
major  contributor  to  the  emission  cross  section  at 
these  wavelengths.  The  same  five  transitions  (< J 
combinations)  have  also  been  observed  in  this  lab¬ 
oratory  in  the  analogous  Hc*/Kr  system.  It  is 
interesting  to  note  that  of  the  five  assigned  transi¬ 
tions  listed  in  Table  I,  two  are  among  the  strong- 


RESULTS  AND  DISCUSSION 

Emission  spectra  observed  in  the  visible  and 
VUV  regions  from  impact  of  100-eV  He*  ions  on 
Xc  are  shown  in  Figs.  1  and  2.  These  were  ob¬ 
tained  with  the  monochromator  slits  adjusted  for 
a  spectral  resolution  of  about  2  nm.  Higher- reso¬ 
lution  spectra  (0.2  nm)  have  also  been  obtained  for 
most  of  the  intense  lines.  The  raw  data  were  re¬ 
duced  using  a  computer  program  which  compares 
the  observed  spectral  lines  with  transitions  ex¬ 
pected  on  the  basis  of  known  energy  levels  in  the 
Hel,  Xel,  and  Xeil  systems.10  About  95'o  of  the 
emissions  observed  in  the  VUV  can  be  unequivo¬ 
cally  assigned  to  specific  transitions,  but  many 
of  the  lines  observed  with  high  resolution  in  the 
visible  can  be  assigned  to  more  than  one  transi¬ 
tion.  In  assigning  the  states  listed  in  Tables  I 


FIG.  2.  Optical  emissions  observed  in  the  VUV  from 
the  reaction  of  100-cV  Ho*  Ions  with  Xc.  Optical  reso¬ 
lution  is  2  nm. 


i  no 


J  ONl-S,  II  II  G  II  K  S,  IKK,  AND  T  I  K  II  N  A  N 


15 


TAIU.E  I.  Xe  M  transitions  observed  In  the  visible  spectral  rcgien  from  t ho  reaction  of 
100-cV  lie1  with  Xe. 


Obse  rved 
wavelength 3 

A0  (nm) 

Total  cross  section 
for  observed  emission  b 
(10",B  cm) 

Possible 

assignments,  Xe  n 
lower  Upper 

C 

(nm) 

A//  c 
<eV) 

484 .0ji0.2 

G.4 

Gs  *5/: 

c p  'Wn 

— 0.0G 

1.G4 

542.ie±o.2d 

G.C 

6*  *3/2 

GP 

-0.11 

1.62 

421. 5a  AO. 2 

1.9 

GS<PS/, 

W%"/2 

0.10 

2.02 

CP'^3°/2 

0.01 

3.G2 

GP  *f,2 

-0.10 

5.41 

4G0.48±0.2d 

4.2 

G**3/2 

G/>  VJJ/j 

-0.05 

2.02 

5 d*ri/2 

GP  *?/J 

-0.05 

2.83 

519.33*0.4 

1.1 

Gs*PUi 

GP*f/2 

-0.05 

2.47 

^*3/2 

CP*?/2 

— 0.0G 

2.99 

CP*?/2 

21/2 

0.31 

4.02 

gp4s37z 

C<i*,/2 

0.03 

5.01 

CP  *t/2 

7s  *3/2 

-0.38 

5.20 

a  Calculated  in  vacuum. 

b  The  calculation  of  these  values  assumes  isotropic  photon  emission  and  neglects  possible 
polarization  effects. 

cAr,  calculated  from  levels  listed  in  Ref.  1C,  is  the  wavelength  corresponding  to  the  as¬ 
signed  transition. 

d  These  are  among  the  strongest  lines  observed  in  the  xenon  ion  laser  (see  Rt  f.  19). 

•e  Knthalpy  change  for  the  reaction  lie*'  4  Xe—  lie  *  Xe**. 


TABI.E  n.  Major  emissions  observed  in  the  VUV  from  reaction  of  100-cV  He*  withXe. 


Observed 
wavelength  * 

Aj  (nm) 

Total  cross  section 
for  observed  emission11 
(10" 11  cm2) 

Possible 

assignments,  Xe  it 
Lower  Upper 

Ar-A0c 

(nm) 

93.13*0.1 

5.2 

Bp5*J/2 

5d*3/2 

0.00 

93.52*0.1 

7.8 

BP5*?/j 

Bd  *1/2 

0.02 

93.95*0.1 

9.5 

5PS*s7j 

8rf*S/2 

-0.03 

94.42  *  0.1 

5.4 

5 P  ”'Y/2 

^  *1/2 

-0.03 

94.98  *  0.1 

9.4 

5PSlfY/2 

5^  *3/2 

-0.03 

98.90*0.1 

28.5 

BP  5  *372 

Gs  *,/, 

-0.04 

103.2510.2 

1.7 

Bp  5  *37  2 

-0.01 

SPS*?/2 

^*3/2 

0.01 

103.81*0.1 

4.7 

5p  5  *°/ 2 

B^  *1/2 

-0.04 

104.83*0.1 

25.3 

BP  $*s7l 

Sd*s/2 

0.00 

5 P  5  *7 2 

Bd  *1/2 

-0.01 

105.22*0.1 

10,4 

BP5*,°/2 

G*  *3/2 

-0.03 

107.47*0.1 

1G.5 

BP' *?/ 2 

Gs  *5/2 

-0.02 

*  Calculated  In  vacuum. 

h The  calculation  of  these  values  assumes  Isotropic  photon  emission  and  neglects  possible 
polarization  effects. 

cAr,  calculated  from  levels  listed  In  Ref.  10.  is  the  wnvelcnglh  corresponding  to  the  as¬ 
signed  transition. 
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est  lines  observed  in  the  cw  xenon-ion  laser.14 

The  VUV  emissions  shown  in  Fig.  2  can  all  be 
assigned  to  Xell  transitions.  Table  II  is  a  sum¬ 
mary  of  some  of  the  more  intense  lines.  This  in¬ 
cludes  all  of  the  observed  transitions  from  Gs  ‘P, 
5<7  'P,  and  5 d 2P  slates.  The  cross  section  of  the 
most  intense  line  in  the  VUV  (98.90  nm)  was  found 
to  be  constant  over  the  energy  range  20-140  eV. 

In  const  last,  emissions  monitored  over  the  inter¬ 
val  97.3  ±1  nm  as  shown  in  Fig.  3  exhibit  a  strong 
kinetic  energy  dependence.  There  are  two  lines, 
97.34  nm  (5/>5  *P® /2  -  6s  -P3/2)  and  97.70  nm 
(5/>5  *PJ/2  — Gs'  2P3/,)  contributing  to  this  curve. 
The  maximum,  occurring  at  12  eV  (lab),  corre¬ 
sponds  to  a  cross  section  of  ~0.4  A2.  Lipeles 
cl  al ,6  observed  a  similar  dependence  in  the  total 
cross  section  for  photon  production  in  the  range 
20-120  nm.  The  total  cross  section  obtained  by 
summing  the  emission  cross  sections  (100-oV  He* 
ion  impact)  of  all  individual  lines  in  this  interval 
is  2.4  A2  which  is  about  one- half  the  apparent 
cross  section  observed  by  Lipeles  cl  al.6  De  Heer 
and  co-workers20*21  have  studied  this  reaction  at 
higher  energies  and  have  obtained  a  total  cross 
section21  of  3.G  A2  over  this  interval  for  impact 
of  300-eV  He*  ions. 

A  detailed  study  of  the  excitation  mechanism  for 
the  6 s*IJ,  5 d'P,  and  5  d'P  states  is  summarized 
in  Table  III.  The  energetics  of  formation  of  each 
of  the  possible  J  levels  of  the  *P  and  2P  stales  of 
Xen  from  ground-slate  He*  and  Xe  reactants  are 
listed.  In  addition,  the  total  emission  cross  sec¬ 
tion  for  radiation  to  the  5 />*  2P^ / 2  and  5/>5  2PJ/2 
ground  ionic  slates  (determined  from  VUV  emis¬ 
sion  cross  sections)  is  shown,  along  with  the  total 


FIG.  3.  Emission  cross  section  for  Xcn  radiation 
observed  within  the  interval  97.3  ±1  nm  from  impact  of 
He*  ions  on  Xe. 

cascading  cross  section  from  high-energy  states 
to  those  individual  states  (determined  from  visible 
emission  cross  sections).  The  last  column  is  the 
difference  between  the  measured  emission  cross 
section  in  the  VUV  and  the  measured  cascading 
cross  sections  in  the  visible  region  for  each  indi¬ 
vidual  state  populated  and  thus  is  the  cross  sec¬ 
tion  for  direct  formation  of  the  states  indicated 
in  Table  III  formed  in  the  original  ion-neutral 
collision.  As  can  be  seen,  the  first  two  states 
listed  in  Table  III  are  formed  mainly  by  populating 
higher- energy  states,  followed  by  cascading, 
rather  than  directly  in  the  ion-neutral  collision. 
This  is  in  agreement  with  the  findings  of  Dc  Heer 


TABLE  lit.  Total  emission  and  cascading  cross  sections  for  the  major  Xen  JP  and  JP  states 
observed  in  the  IIc*/Xe  reaction. 


Cross  sections  ( 10— 18  cm!| 

Total  Direct 

Slnte,  Xen  A7/a(eV)  emission  Cascading  formation 


Gs’Pj/j 

-0.92 

10. 5 

15.1 

1.4 

Gs’Pj/j 

-0.G7 

10.4 

12.0 

— l.G 

Gs’Ptfj 

0.09 

28.5 

1.2 

27.4 

0.G0 

9.4 

0.4 

9.05 

W’P,/, 

0.C8 

18.1  (12.7) b 

... 

18.1 

0.74 

9.5 

4.6 

4.9 

Sd’P,/: 

0.80 

12.5 

0.G 

12.0 

W4/V: 

0.8G 

C.l  (0.9) 

•  •  • 

G.l 

*  Enthalpy  change  for  the  reaction  lie*  1  Xe-*  He  1  Xe**. 

’’There  Is  an  uncertainly  on  (lie  order  of  ±  12.7  In  this  value  because  of  unknown  contribution 
of  (ho  unresolved  transition  5/>s  'Pj/;.  Tabulated  value  assumes  approximately  equal 

contribution  from  each  transition. 
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and  co- workers31  at  300-cV  Ho*  ion  energy.  How¬ 
ever,  in  contrast,  the  6s  state  is  almost  en¬ 
tirely  formed  directly  in  the  ion-neutral  collision. 
Radiation  from  this  state  constitutes  more  than 
7%  of  the  total  radiation  produced  in  the  reaction. 
Similarly,  the  remaining  states  listed  in  Table  III, 
which  are  also  populated  by  processes  which  are 
endoergic  for  ground- state  reactants,  are  formed 
directly  in  the  ion-neutral  collision.  The  total 
cross  section  for  those  emissions  listed  in  the 
table  approaches  one-third  of  the  total  cross  sec¬ 
tion  for  radiation  produced  by  impact  of  100-cV 
He*  ions  on  Xe.  While  cascading  effects  must  be 
assessed  for  each  state  on  an  individual  basis, 
overall  cascading  contributions  account  for  about 
30%  of  the  total  observed  radiation  (visible  and 
VUV)  in  the  IIe*/Xc  reaction  at  100-eV  ion  ener¬ 
gies. 

Dc  Hccr  and  co-workers21  have  extensively  stud¬ 
ied  this  system  at  impact  energies  above  300  oV. 

The  highest  ion  energy  attainable  on  our  instru¬ 
ment  is  150  eV  preventing  a  direct  comparison 
with  the  data  of  De  Heer  and  co-workers.30*31 
Nevertheless,  one  might  expect  many  similarities 
in  the  results  of  these  two  studies;  however,  some 
gross  disparities  exist  in  the  states  populated  and 
in  their  total  emission  cross  sections.  De  lleer 
and  co-workers21  make  no  mention  of  transitions 
from  6s  xPUs,  5  d  ll\/2,  or  5  d"Pl/2  levels.  It  is 
presumed,  therefore,  that  transitions  from  these 
three  levels  arc  relatively  unimportant  under 
their  experimental  conditions,  although  these  arc 
the  three  most  intense  lines  observed  in  the  pre¬ 
sent  study.  No  Xcf  resonance  lines  were  observed  . 
in  this  investigation,  yet  De  Heer  and  co-workers 
report  large  apparent  emission  cross  sections  for 
Xel  resonance  lines  (a  >0.1 5  A2  at  147  nm). 

While  a  detailed  comparison  of  the  experimental 
methods  of  De  Heer  el  of.50*31  with  those  of  the 
present  study  will  not  be  presented  here,  it  is 
appropriate  to  note  some  obvious  differences 
which  may  account  for  this  discrepancy.  One  im¬ 
portant  difference  is  the  ion  beam  flux.  Dc  Heer 
cl  nt.  used  a  plasma  ion  source  which  resulted  in 
a  much  larger  flux  of  Ho*  ions  in  the  collision 
region  than  is  realized  in  the  present  experiments 
(typically  larger  by  a  factor  of  10').  This  very 
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large  density  of  He*  ions  may  permit  the  occur¬ 
rence  of  neutral- neutral  excitation  processes  in 
the  collision  region.  De  Heer  cl  «/.21  find  that  the 
cross  sections  for  the  resonance  atomic  lines  do 
not  vary  linearly  with  pressure  in  the  collision 
region.  This  indicates  that  some  of  the  radiative 
states  may  be  formed  by  competitive  processes  in 
their  exper intents,  and  these  authors  suggest  that 
fast  He  atoms  may  be  involved.  In  the  experi¬ 
ments  reported  here,  the  cross  sections  of  all 
major  emissions  were  found  to  depend  linearly 
upon  collision  chamber  pressure,  up  to  pressures 
of  8  mTorr.  These  emissions  therefore  result 
only  from  bimolecular  He*/Xe  reactions  with  little 
possibility  of  their  formation  by  He- atom  reac¬ 
tions  or  other  processes. 

It  is  noteworthy  that  Tanaka  et  a!.22  have  recent¬ 
ly  observed  a  strong  emission  line  of  Xell,  cor¬ 
responding  to  the  transition  5/>5  2J^/2-6s  *P\/2, 
from  the  excitation  of  a  mixture  of  He  and  Xe  in 
an  ac  pulsed  discharge  at  a  total  pressure  of  about 
10  Torr.  As  shown  in  Tables  II  and  III,  this  line 
is  one  of  the  major  emissions  observed  in  the 
present  study.  Tanaka  et  air2  detected  only  very 
weak  emission  bands  from  the  (IleXe)*  diatomic 
ion. 

The  results  of  the  present  investigation  indicate 
that  the  production  of  radiative  states  of  Xell  in 
the  reaction  of  lie*  (100  eV,  lab)  with  Xe  is  quite 
efficient.  The  total  cross  section  for  direct  exci¬ 
tation  measured  in  this  study  consitutes  about  25% 
of  the  total  He*/Xc  charge-transfer  cross  section 
(10  A2  at  100  eV).23  A  complete  reporting  of  all 
lines  observed  in  this  and  ether  He*  rare  gas 
systems  is  in  preparation. 
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The  chemical  physics  of  the  gas  nitrogen  trifluoride 
is  currently  of  interest  owing  to  its  applicability  in  the 
development  of  HP/DP  chemical  lasers  and  its  use  in  the 
rare  gas-halide  laser  systems.  1“#  Since  these  lasers 
are  electron-beam  or  discharge  initiated,  the  reaction 
of  electrons  with  NF3  is  of  particular  interest.® 

The  rate  constant  for  the  dissociative  attachment  of 
thermal  energy  electrons  (300-350  °K)  to  nitrogen  tri- 
fluoride  has  licen  measured  using  a  flowing  afterglow 
technique  described  in  a  previous  publication. ln  The 
rate  constant  obtained  for  the  reaction 

(1) 


is  2. 1  ±  0. 8x  10'"  cm5  molecule"1  sec'1.  This  rate  con¬ 
stant  was  obtained  using  a  filament  electron  source,  and 
with  an  argon  buffer  gas  pressure  of  0.3  torr. 

The  rate  constant  for  thermal  energy  electron  attach¬ 
ment  in  nitrogen  trifluoride  lias  previously  been  mea¬ 
sured  by  Mothes  ft  at, 11  using  an  electron  cyclotron  res¬ 
onance  technique.  The  current  measurement  agrees 
well  with  the  value,  2.4x  10'"  cm* molecule*1  sec*1  at 
300  °K,  obtained  by  Mothes  cl  til.  In  addition,  the  cur¬ 
rent  research  establishes  the  identity  of  the  ionic  attach¬ 
ment  products. 

The  only  product  ion  observed  In  the  present  study  is 


c"+  NFj-  F"+  products 
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F  .  This  result  contradicts  a  previous  publication1*  eil- 
intt  the  formation  of  NI",  FJ  and  F'  by  thermal  electron 
attachment.  However,  that  work  was  performed  using 
a  tlim-of-fll|;ht  mass  spectrometer,  In  which  it  watt  not 
possible  (o  obtain  a  (hernial  electron  beam,  which  Is 
necessary  to  determine  thermal  energy  electron  attach¬ 
ment  products.  No  evidence  was  obtained  in  the  present 
experiments  for  the  formation  of  the  ions  NF'  or  F2'  at 
thermal  energy. 

Reactions  which  may  tie  proposed  to  occur  at  thermal 
energy  include 


c's  NFj-  F's  NF2 

(2a) 

-  F's  NF  +  F 

(2b) 

-  F'  +  N+F+F 

(2c) 

c~  +  NFj  —  NF'  +  F2 

(3a) 

-  NF'+ F+ F 

(3b) 

C+NFj-  F2'  +  NF 

(4a) 

-  f2,+n  +  f 

(4b) 

e's  NFj  -  NFJ  +  F 

(5) 

c'+  NFj  -i  Ar  -  NF,' ■:  Ar  . 

(G) 

Each  of  these  reactions  may  be  discussed  using  avail¬ 
able  thermochemical  data  (in  kcalmole*1  at  298  °K) 

A//,(A’)  -  112.979, 13  A///F)  =  18.  88, 13  A//,(NF)  =  57,  u 
A//,(F')  =  -  G0.0,15,  A///(NF-)-43.2,16  A///(F2-)-68.6,‘7 
A//,(NF2)  -  10.  3, 13  A/7,(NF3)  =  -  29. 8, 13  and  A/f/NF,') 

=  -28. 4. 18  Using  these  data,  Reaction  (2a)  may  be  shown 
to  be  exoergic  by  19.9  kcal  mole*1  while  Reactions  (2b) 
and  (2c)  are  endoergic  by  45.7  and  120.5  kcalmole'1, 
respectively.  Reactions  (3a)  and  (3b)  are  endoergic  by 
73.0  and  110.  8  kcal  mole'1,  respectively.  Reactions 
(4a),  (4b),  and  (5)  are  also  endoergic  (by  18.2,  93.1, 
and  20. 3  kcal  mole'1,  respectively).  Thus,  a  thermo- 
chemical  analysis  of  the  proposed  Reactions  (2)- (5)  in¬ 
dicates  that  Reaction  (2a)  is  the  only  process  expected  to 
occur  in  the  reaction  of  thermal  energy  electrons  with 
NFj.  To  the  authors’  knowledge,  the  formation  of  NF3 
has  not  been  reported  and  is  not  observed  in  the  present 
experiments  [/; «  10'3U  cm6 molecule'2  sec'1  for  Reaction 
(6)]. 

The  present  experiments  were  performed  at  NF,  den¬ 
sities  approximately  three  orders  of  magnitude  greater 
than  in  Thynne’s  experiments.  Thus,  the  possibility  of 
ion- molecule  reactions  disguising  the  direct  thermal 
electron  attachment  products  must  be  considered.  Re¬ 
actions  (2b)-(5)  arc  thcrmoclicmicalty  forbidden.  How¬ 
ever,  the  electron  affinity  of  NF  lias  not  been  measured 
experimentally,  and  reaction  (3a)  would  be  exoergic  if 
the  electron  affinity  of  NF  is  >  8G.8  kcal  mole'1,  which 
falls  within  the  known  range  of  electron  affinities  for 
small  molecules.*''  However,  the  charge  transfer 
reaction 

NF"  t  NFj-»  F'  i  NF*  NF.  (7) 

would  be  endoergic  by  GG.O  kcal  mole*1,  and  NF"  would 
be  observed  In  the  afterglow.  Thus,  it  ts  unlikely  lliat 


the  electron  affinity  of  NF  is  as  large  as  8G.0  kcal 
mole'1. 

If  NFj  In  formed  by  Reaction  (0),  Ihon  Iho  reaction 

NFj"  .  NF,-  F"h  NIV  NFj  (8) 

may  occur  if  the  electron  affinity  of  NFj  is  less  than  or 
equal  to  19.9  kcal  mole1.  However,  even  in  experi¬ 
ments  where  the  NFj  density  was  -  5x  10u  molecules 
cm*3,  no  NFj'  was  observed.  Under  the  present  experi¬ 
mental  conditions,  the  rate  constant  for  Reaction  (8) 
would  have  to  be  >■  10'°  cm3  molecule'1  see'1  in  order  for 
NFj  not  to  bo  observed. 

The  results  of  the  present  research  show  that  only  one 
product  ion,  F',  is  formed  in  the  thermal  energy  attach¬ 
ment  of  electrons  to  NF3.  The  rate  constant  lias  been 
found  to  be  quite  slow  but  significant  for  high  pressure 
NFj  mixtures. 
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Associative  detachment  reactions  of  the  type  A'  *  13 
-  Alt  +  (>  have  been  studied  recently1  using  flow-drift 
tcchni(|ues.  Those  experiments  yield  rate  coefficients 
based  on  observations  of  the  disappearance  of  the  nega¬ 
tive  ion  reagent  as  the  concentration  of  I!  is  increased. 
Neither  electrons  nor  neutral  products  are  directly  mon¬ 
itored  in  such  experiments.  It  is  difficult  to  determine 
branching  ratios  for  other  negative- ion  reaction  chan¬ 
nels  from  measurements  of  this  type.  An  alternative 
method  which  has  been  utilized  to  study  associative  de¬ 
tachment  processes  employs  an  ion  beam-collision 
chamber  apparatus2  in  which  electrons  produced  in  the 
detachment  reaction  are  directly  observed.  Other  chan¬ 
nels  producing  negative  ions  are  not  monitored,  how¬ 
ever.  A  third  method,  recently  developed  in  our  lab¬ 
oratory*  is  also  based  on  ion  beam-collision  chamber 
experiments,  but  both  negative  ion  products  and  elec¬ 
trons  from  the  negative  ion-neutral  collision  can  be 
readily  monitored.  Cross  sections  for  negative  ion 
products  are  obtained  as  previously  described,4  while 
detached  slow  electrons  are  monitored  by  using  SFe  as 
a  scavenger  in  the  collision  chamber,  and  measuring 
the  resultant  SFj  currents.  The  wide  translational  en¬ 
ergy  range  accessible  to  the  tandem  mass  spectrometer 
used  for  these  experiments  (0.3-180  eV  in  the  labora¬ 
tory  system)  facilitates  studies  of  the  energy  depen¬ 
dences  of  the  reactions.  At  the  lowest  energies  em¬ 
ployed  (~0.3  eV),  cross  sections  for  associative  de¬ 
tachment  reactions  determined  by  this  method  are  quite 
reliable,  since  the  direct  reaction  of  most  simple  nega¬ 
tive  ions  (for  example,  O' or  S')  with  SFg  is  cndoergic, 
and  the  observed  SFj  can  be  formed  only  by  capture  of 
the  electrons  released  in  the  detachment  reaction.  At 
higher  translational  energies,  contributions  to  the  SFJ 
signal  from  the  direct  reaction  become  more  important 
and  must  be  subtracted  from  the  total  SFj  current  to  6b- 
tain  a  measure  of  the  associative  detachment  channel. 

In  the  present  experiments,  we  have  employed  the  SF# 
scavenger  technique  to  observe  associative  detachment 
reactions  of  several  negative  ions  with  03  which  have 
not  previously  been  reported.  Table  I  summarizes  the 
reaction  rate  coefficients  determined  for  these  reac¬ 
tions.  These  rate  coefficients  It  are  related  to  the  ex¬ 
perimentally  determined  cross  sections  o  via  the  rela¬ 
tion,  It -or,  where  r  is  the  average  incident  ion  velocity 
at  the  corresponding  laboratory  energy  employed. 

Of  paiticular  interest  is  the  associative  detachment 
reaction 

S  Oj  •*  SOj  <  <’  i  ( 1 ) 

for  which  the  rate  approaches  the  gas  kinetic  collision 
rate.  This  reaction  is  highly  cxoorgic,  and  apparently 
the  reactants  approach  each  other  along  attractive  po¬ 
tential  surfaces  which  lead  into  the  aulodctachlng  region 


A  fairly  long-lived  collision  complex  must  be  formed  in 
order  to  permit  the  extensive  rearrangement  which  is 
necessary  for  the  sulfur  atom  insertion  to  occur.  It  is 
also  interesting  to  note  that  one  of  the  fastest  associa¬ 
tive  detachment  reactions  previously  observed, lb,:i  O' 

+  S02-S0j  +  c  yields  the  same  final  products  as  Reaction 


TA B LK  1.  Rate  coefficients  for  various  negative  ion  reactions 
with  03.  * 


Reaction 

IO'10  cm’/molccule  -  sec 

O'  +03  —  202 1  e  )  2.  C5  c-V1> 

3  t  1* 

•-O  +  Oj  +  O.7  eV 

2  +  0.  4d 

-0;+02+  3. 1  eV 

0. 1  +  0.  05 

01I'+03-02  +  II02+e-0. 1C  cV  • 

<0.01  (not  observed) 

—  011405  +  0.3  eV 

5  +  0.2 

-  ho;  +0; 

0.3 +  0.1 

— O;  +  HO2  +  0.28  eV 

O.li  0.05 

S'  +Oj  —  S03  +  e  +  G.  4  c  V 

11+  2 

-S+OJ+O.l  eV 

0.9+ 0.3 

—  S0’+02+3.5  eV 

0.3  +0.1 

—  0;+S0  +  2.8  cV 

0.08 

—  S02  +0'  +4.3  eV 

0.01 

-so; +0  4 3.  9  eV 

0.02 

SH'+03-(0II+S0j)  +C+3.3  cV 

5.5+  1 

-S1I +03-0. 15  eV 

0.G+  0.3 

—  IIS0'+02 

1.0+0.4 

—  SO'  +  H02  +  1.5  eV 

0.2+0. 1 

-SO  +  HO; 

0.0c 

—  so; +OI1 +4.4  cV 

0.02 

—  S02+0lI'+5. 1  cV 

0.01 

—  S'+  ? 

0.09 

-o-+  ? 

0.01 

‘Measured  with  reactant  ions  of  -0.3  oV  laboratory  energy. 

’’Exocrglcities  were  calculated  using  known  heats  of  formation 
(TUT.  5)  and  electron  affinities,  [KAfO)  ■  1.-1C2  eV;  EA(OH) 

=  1.825  eV;  EA(S)  =2.077  eV;  UAfSIl)  =2.310  eV.  EA(0.) 

=  0.44  eV;  KA(SO)  =  1. 1  eV;  K  A  (HO.)  -1.007  eV.  Refs.  G— 12 1. 
and  from  the  recently  obtained  electron  affinity  of  ozone  EA(03) 
=  2.151  0.15  cV  (lief,  13). 

'All  associative  detachment  rate  coefficients  were  determined 
relative  to  the  rate,  k  - 1.4  x  io*10  cm’/moleculo-  sec  for  the 
reaction  in  NO  -N02+r. 

-AII  charge  transfer  and  particle  transfer  rate  coefficients  were 
determined  relative  to  the  rate  k  *»  1.2x  10‘*  cms/molccule»  sec 
for  the  reaction  0'  +  N02  — NOJ  +  O, 
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FIG.  1,  Rate  coefficients  for  S-+O3  —  SO3  i  r:  as  a  function  of 
relative  kinetic  energy.  The  predictions  of  the  average  dipole 
orientation  (ADO)  theory15  are  given.  (A  polarizability,  o  -4 
x!0‘:l  cm3,  was  employed  for  ozone. lc) 


(1).  Apparently,  both  of  these  associative  detachment 
reactions  are  quite  rapid,  in  spite  of  the  fact  that  more 
than  three  atoms  are  involved,  because  none  of  the  al¬ 
ternative  charge  transfer  or  particle  transfer  channels 
is  more  exoergic.u  The  final  products  of  Reaction  (1) 
may  however  be  SO,  and  O,  since  S03  carries  away  most 
of  the  reaction  exoergieity  as  internal  energy  and  is 
therefore  likely  to  dissociate. 

The  rate  coefficient  for  Reaction  (1)  as  a  function  of 
relative  kinetic  energy  has  also  been  determined  in  the 
present  study,  as  shown  in  Fig.  1.  The  decreasing  rate 
with  increasing  energy  is  typical  of  that  previously  ob¬ 
served  for  other  associative  detachment  reactions.1 
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Translational  energy  thresholds  were  determined  for  collision-induced  dissociation  of  05  formed  by  two  alternative  reac¬ 
tions.  The  different  thresholds  observed  for  these  two  processes,  0.96  eV  and  1.S0  cV  respectively,  suggest  the  existence  of 
a  long-lived  (>/js)  excited  state  or  isomeric  form  of  Oj. 


I.  Introduction 

Ozone  and  its  ions  play  an  important  role  in  the 
chemistry  of  the  atmosphere  [1],  Yet  there  is  still  con¬ 
siderable  controversy  and  uncertainty  regarding  such 
basic  therinochcmical  quantities  as  the  electron  affinity 
of  03  and  the  bond  dissociation  energy  of  the  03  nega¬ 
tive  ion.  The  purpose  of  this  communication  is  to  pres¬ 
ent  new  experimental  results  bearing  on  these  topics. 
These  results  suggest  the  existence  of  two  stable  forms 
of  O3  ,  a  fact  which  may  serve  to  resolve  some  of  the 
current  experimental  discrepancies.  The  experimental 
procedures  employed  here  involve  measurements  of 
the  threshold  for  collision-induced  dissociation  (C1D) 
of  OJ  ions  upon  impact  with  various  target  gases.  The 
C1D  method  has  previously  been  shown  to  be  useful  in 
detecting  the  presence  of  excited  states  in  positive  ion 
beams  [2] ,  but  to  our  knowledge,  no  application  of 
this  method  which  indicates  the  presence  of  a  long- 
lived  excited  negative  ion  state  has  ye*  been  reported. 
The  derivation  of  reliable  energy  thresholds  from  CID 
measurements  has  also  been  facilitated  by  the  recent 
development  of  an  adequate  theoretical  model,  which 
predicts  the  energy  dependence  of  the  cross  section  in 
the  threshold  region  [3], 

*  On  sabbatical  leave  from  The  Hebrew  Univeisity  of  Jerusalem, 

1976-77. 


2.  Experimental 

An  in-line  tandem  mass  spectrometer,  previously 
described  [2,4],  was  utilized  for  these  studies.  The  pro¬ 
jectile  ion  is  formed  in  the  electron-impact  ion  source 
of  the  first  stage  mass  spectrometer,  which  produces 
a  mass  and  energy  resolved  beam.  This  beam  is  then 
decelerated  in  a  retarding  lens  and  impacted  upon  the 
target  gas  in  the  field  free  collision  chamber  main¬ 
tained  at  a  temperature  of  30°C.  The  energy  spread  of 
the  projectile  ion  beam  entering  the  collision  cell  is 
±0.3  eV  (lab).  Pulse  counting  techniques  are  used  to 
measure  the  product  ion  current. 

The  gases  used  in  these  studies  were  reagent  grade 
and  were  obtained  from  the  Mathcson  Co.  Ozone  was 
produced  by  a  Tesla  coil  discharge  through  oxygen  at 
low  pressure  (*=10  torr)  in  a  vacuum  system  which  was 
free  of  hydrocarbon  grease  or  mercury  [5].  The  ozone 
was  condensed  at  -  196°C  and  residual  oxygen  was  re¬ 
moved  by  pumping  on  the  trapped  03.  The  latter  was 
then  vaporized  immediately  into  the  ion  source  of  the 
first  stage  mass  spectrometer. 

The  projectile  ion,  03  ,  was  formed  by  electron  im¬ 
pact  on  gaseous  mixtures  of  03  and  N^O,  and  of  03 
and  UjO.  Under  these  conditions  OJ  is  most  probably 
formed  by  the  ion— molecule  reaction 

O-  +  O3-O  +  OJ  (1) 

in  the  first  gaseous  mixture,  and  the  reaction 
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oir  +  o3  -»  oh  +  oj 

in  (he  latter  mixture. 

3.  Data  treatment 

The  measured  primary  ion  intensity,  and  target  gas 
pressure  were  employed  to  convert  the  product  ion  in¬ 
tensity  to  an  observed  apparent  cross  section  for  the 
CID  reactions 

0J  +  X->CT  +  02  +  X,  X  =  Me,  Ar,  C02  (3) 

as  a  function  of  projectile  ion  translational  energy.  Cor¬ 
rections  for  the  ion  energy  distribution  and  Doppler 
motion  of  the  target  gas  were  applied  as  previously 
described  [4,6],  A  statistical  model  for  the  threshold 
behavior  of  the  CID  reaction  was  assumed  to  be  appli¬ 
cable  [3],  With  this  model,  the  threshold  dependence 
of  the  cross  section  is  well  approximated  by  the  func¬ 
tional  form, 

o(/-rel)  =  /i(/-.T-/;0)"//rrcl,  (4) 

where  i’T  is  the  total  energy  available  from  the  colli- 
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sion,  :s  the  threshold  energy,  and  /fre]  is  the  rela¬ 
tive  translational  energy  of  the  colliding  pair.  ,4  is  a 
function  of  the  internal  energy  in  the  reagent  ion.  The 
exponent  n  depends  upon  the  mechanism  of  the  CID 
reaction,  with  the  range  1 .9  <  n  <  2.2  implying  a  di¬ 
rect  process  and  the  range  1 .5  <  n  <  1 .8,  an  indirect 
process  [3],  A  computer  fitted  excitation  function 
based  on  these  energy  corrections,  calculated  using 
an  assumed  threshold  function,  was  compared  in  each 
case  with  the  experimental  data.  Assuming  that  the 
products  are  in  their  ground  states  at  threshold,  the 
bond  dissociation  energy  Z)(0~-02)  is  then  deter¬ 
mined  from  the  best  fit  value  of/f0. 

4.  Results  and  discussion 

Typical  excitation  functions  for  the  O3 /He  reac¬ 
tions  are  illustrated  in  fig.  1 .  Table  1  summarizes  the 
translational  energy  thresholds  derived  from  these 
curves  and  from  similar  data  obtained  using  Ar  and 
C02  as  target  gases.  The  uncertainty  in  the  values  of 
Eq  is  ±0.1  eV  in  the  center  of  mass  system,  and  the 
uncertainty  in  n  is  on  the  order  of  ±0.1.  These  errors 
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Pig.  1.  Cross  section  for  the  reaction  Oj  +  lie  -•  O'  +  Oj  s  lie  as  a  function  of  translational  energy,  o  -  experimental  data  for  O3 
from  Oil  (Oj, OIDOj 1 0  -  data  tor  Oj  from  O  (Oj,  0)0j.  Solid  tines  are  the  calculated  “best-fit” excitation  functions. 
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Table  1 

liest  fit  values  of  !■'„  and  n  obtained  by  eonvoluting  a  = 
/lfA'X  -  A'oVtyA'rel3'  'v'idi  die  energy  distribution  for  the  col¬ 
lision-induced  dissociation  reactions,  Oj  +  X  —  O's-  O2  +  X 


Target  0}  from  CTtOa, 0)03  03  from Oir(C>3, 011)03 

gas  X  -  - 


n 

A'o(eV,  c.ni.) 

n 

Fo<eV,  c.ni.) 

lie 

2.1 

1.08 

2.1 

1.77 

Ar 

2.1 

0.95 

2.0 

1.82 

COj 

2.0 

0.86 

average  0.96 

average  1.80 

A'j  was  actually  equated  with  Frc(  (or  Kc  m  )  in  these  com¬ 
puter  fit  calculations. 


arc  estimated  from  the  ranges  of  Fq  and  n  wltich  yield 
a  good  fit  to  the  experimental  data. 

Two  different  threshold  energies  were  obtained  de¬ 
pending  upon  the  method  of  formation  of  OJ,  but 
irrespective  of  the  target  gas  employed  for  CID.  OJ 
produced  via  reaction  (1)  gave  in  each  case  a  lower 
threshold  than  the  one  produced  via  reaction  (2). 

These  thresholds  apparently  represent  the  bond  dis¬ 
sociation  energies  of  two  different  states  of  OJ.  The 
average  values  for  /)( 0~-02)  are  calculated  to  be 
0.96  ±0.1  cV  and  1.80  ±  O.f  cV,  respectively. 

Taking  D( 0_-02)  =  1  .S  eV,  in  conjunction  with 
the  known  electron  affinity  of  the  oxygen  atom.  1.462 
eV  [7]  and  the  bond  dissociation  energy  of  neutral 
ozone,  1 .05  eV  [8] ,  one  can  calculate  the  electron  af¬ 
finity  of  oz.onc  to  be  FA(O-))  =  2.2  eV.  This  value  is 
in  very  good  agreement  with  recent  results  obtained 
from  endocrgic  charge  transfer  [9]  and  collisional  ioni¬ 
zation  [10]  experiments. 

The  enthalpy  changes  for  reactions  (1)  and  (2)  arc 
A // 1  -  -0.75  eV  and  A //2  “  -0.37  cV,  respectively 
(the  electron  affinity  of  the  OH  radical  is  1.825  eV 
[11]).  Reaction  (1)  is  thus  more  exocrgic  than  (2)  and 
the  results  described  above  indicate  that,  within  ex¬ 
perimental  error,  the  total  exocrgicity  of  this  reaction 
appears  as  internal  excitation  energy  of  the  OJ  prod¬ 
uct,  since  the  ion  must  be  formed  with  an  energy  of 
(1.80  ±  0.1)  -  (0.96  +  0.1)  =  0,84  ±  0.2  eV  above  the 
energy  of  the  most  stable  ground  state  configuration 
of  OJ.  On  the  basis  of  the  pressures  existing  in  the 
ion  source  (/’  <  0.1  lorr),  the  rate  coefficient  for  col¬ 
lisional  deactivation  of  the  excited  OJ  must  be 
<  10” 1 1  cm-'/s  in  order  for  the  excited  OJ  to  survive. 


The  transit  time  required  for  OJ  to  reach  the  collision 
chamber  is  such  that  the  lifetime  of  this  species  must 
be  on  the  order  of  several  microseconds. 

The  excess  energy  of  OJ  produced  from  reaction 
(l)  may  be  in  the  form  of  vibrational  excitation,  as 
has  been  suggested  to  be  the  case  for  NOJ  [12].  Vi¬ 
brational  excitation  of  positive  ions  in  the  electronic 
ground  state  is  known  to  cause  a  reduction  in  the  trans¬ 
lational  energy  thresholds  for  CID  by  an  amount  equal 
to  the  degree  of  excitation  [13],  Alternatively,  the  ex¬ 
cited  OJ  may  be  formed  in  an  electronically  excited 
state  which  correlates  to  ground  state  fragments.  The 
only  possible  candidate  for  such  an'electronic  state  is 
the  2  Aj  state,  for  which  the  exact  energy  above  the 
ground  2B(  state  is  still  unknown  [14],  This  state  has 
not  yet  been  observed  spectroscopically,  but  by  analo¬ 
gy  with  a  similar  state  in  S02  [15]  (the  1 13  j  state)  the 
lifetime  should  be  quite  long.  Still  another  possibility 
is  that  the  OJ  formed  in  reaction  (1)  is  a  cyclic  isomer 
of  the  open-chain  OJ  formed  in  reaction  (2).  Recent 
theoretical  calculations  [16,17]  have  indicated  that  the 
ground  state  potential  surface  of  neutral  03( 1  A,)  has 
two  minima  occurring  at  bond  angles  of  1 17°  and  60° 
respectively,  with  the  60°  configuration  corresponding 
to  a  metast3ble  ring  structure.  Similar  behavior  for  OJ 
is  quite  plausible  [IS], 

The  present  CID  data  provide  information  relative 
to  the  structure,  excited  states,  and  reactivities  of  the 
OJ  ion  which  is  complementary  to  that  which  li3S 
been  obtained  from  photodissociation  [19]  and  flow- 
drift  [20]  experiments.  The  latter  arc  less  suitable  for 
the  detection  of  excited  states  owing  to  the  high  pres¬ 
sures  and  long  ion  residence  times  which  characterize 
the  experiments  and  which  dictate  that  reactant  ions 
arc  usually  fully  relaxed. 
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Thermochemical  Data  for  Molecular  Negative 
Ions  From  Collisional-Dissociation  Thresholds 
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Previously  reported  experiments'  conducted  in  our  laboratory  demonstrated 
that  thresholds  measured  for  collision-induced  dissociation  reactions  of  positive 
molecular  ions  could  be  used  in  conjunction  with  other  thermodynamic  data 
to  obtain  ionic  bond  dissociation  energies.  In  the  earlier  beam-collision  chamber 
experiments,  the  thresholds  determined  for  these  reactions  were  not  corrected 
for  the  effects  of  energy  broadening  resulting  from  the  velocity  distributions 
of  the  incident  ion  beam  and  the  target  gas.  In  the  present  study  ol  collision- 
induced  dissociation  reactions  of  the  molecular  negative  ions,  XO~,  NOj, 
N,0_,  O.J  and  COa,  the  experimental  excitation  functions  (that  is.  the  cross- 
sections  as  a  function  of  energy)  have  been  treated  to  take  account  of  energy- 
broadening  and  the  thresholds  have  been  more  reliably  deduced.  These  thres¬ 
holds  yield  the  enthalpy  of  formation  of  the  reactant  negative  ions,  which  in 
turn  can  be  used  to  calculate  electron  affinities  for  the  corresponding  neutral 
molecules.  Comparison  of  the  threshold  behavior  with  the  predictions  of  a 
statistical  theory  of  the  dissociation  process  also  provides  insights  into  the 
dissociation  mechanism. 


EXPERIMENTAL 
Instrumentation  and  Procedures 

The  apparatus  utilized  for  these  experiments  is  :m  in-line  tandem  mass  spectro¬ 
meter  which  has  been  described  previously.1  • 5  The  reactant  ion  beam,  produced 
in  an  electron  impact  source  is  mass-  and  energy-analyzed  by  a  double-focusing 
mass  spectrometer,  retarded  by  a  slot  lens  which  controls  the  collision  energy, 
and  impacted  on  the  target  gas  in  a  collision  chamber.  The  energy  distribution 
of  the  projectile  ion  beam  is  +  0.3  eV  (Lab)  over  the  entire  accessible  energy 
range  of  0,3-1 110  eV.  Product  ions,  produced  by  reactions  in  the  shielded  field- 
free  collision  chamber,  exit  from  the  reaction  zone,  are  reaccclcratctl,  and  enter 
a  second  double-focusing  mass  spectrometer  where  mass  analysis  occurs.  The 
ion  detector  is  an  electron  multiplier  coupled  to  it  pulse  counter.  The  collector 
stage  of  the  apparatus  is  fixed  and  preferentially  accepts  product  ions  scattered 
in  the  forward  direction  (()'’  scattering  angle).  Possible  discrimination  effects 
have  been  discussed  in  other  publications.1  For  the  experiments  reported  herein, 
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tlic  temperature  of  the  collision  chamber  was  maintained  at  I60°C,  and  collision 
chamber  pressure  was  typically  4  x  1  O'2  Torr.  Pressure-dependence  studies 
were  conducted  over  the  range  of  collision  chamber  pressures,  0.5x10“*— 
4xlO*!Torr,  to  ensure  that  the  observed  product  ions  result  from  single 
bimolccular  collision  events.  Cross-sections  for  the  observed  reactions  were 
calculated  relative  to  the  cross-section  for  the  0"/N02  charge-tiansfcr  reaction, 
which  is  63  A1  at  0.3  cV  (Lab)  ion  energy.3 

Reactant  negative  ions  were  formed  by  electron  impact  on  various  pure 
gases  or  mixtures.  These  ions  and  the  respective  molecules  from  which  they 
were  derived  were  as  follows:  NO-,  N20;  NO“,  mixture  of  N20  and  N02; 
N20",  N2Q;  (X,  mixture  of  NLO  and  Q2;  C02,  mixture  of  C02  and  N20. 


Determination  of  Dissociation  Thresholds 


Endoergic  collision-induced  dissociation  reactions  of  the  type 
AB-  +  X — >- A-  +  B  +  X 


(1) 


exhibit  translation  energy  thresholds  which  may  be  assumed  to  correspond  to 
the  ionic  bond  dissociation  energy.  According  to  the  statistical  model  for  such 
processes  developed  by  Rcbick  and  Levine,4  the  energy  dependence  of  the 
cross-section  in  the  post-threshold  region  has  the  form 


a(£rel) 


A0(Bt-E0l» 

. "  Xoi .  ' 


(2) 


where  /it  is  the  total  energy  available  from  the  collision  (c.m.),  E0  is  the  thres¬ 
hold  energy,  and  £rci  is  the  relative  energy  for  the  colliding  pair.  The  value  of 
the  exponent  n  depends  upon  the  mechanism  of  the  reaction.  The  statistical 
theory4  predicts  that  1.9<w<2.2  for  a  direct  process,  where  in  the  final  state 
all  three  particles  arc  unbound,  and  1.5  <n<  1.8  for  an  indirect  process,  where 
two  of  the  three  particles  are  quasi-hound  in  the  final  slate.  The  coefficient  A0 
is  a  function  of  the  internal  energy  of  the  reactant  ion.  In  the  present  study, 
however,  the  reactants  and  products  arc  assumed  to  be  in  their  ground  states 
and  A0  is  thus  independent  of  the  internal  states.  When  it  is  converted  to  the 
laboratory  system  of  energy,  Eqn  (2)  reduces  to 


(£|-£o) 

"  E\  "■ 


n 


(3) 


where  F.\  is  the  effective  energy  for  the  reacting  ion-neutral  pair. 

In  the  actual  experiments,  E\  represents  a  distribution  of  energies,  owing  to 
the  translational  energy  spread  of  the  incident  ion  beam  and  the  velocity 
distribution  of  the  target  molecules  which  leads  to  Doppler  broadening.  *•"  The 
experimentally  measured  cross-section  is  therefore  related  to  the  absolute 
cross-section  by  the  expression 

00 

W/X)  =  J  o(Et)  («,/:, |/T,0)  d/?, 

0 


(4) 
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where  a (Ei)  is  given  by  Eqn  (3)  and  w(E\  E i0),  the  effective  encrgy-dislribution 
function  for  the  collision,  is  given  by 

«(A’i|Ei0)  d/-,  =  J(«II »/*)-«  exp  [ 

{(n)-*/*  A-»  exp  j  dEJdtfi  (5) 

The  first  bracketed  term  in  Eqn  (3)  is  the  energy  distribution  for  the  incident 
ion  translational  energy  about  the  set  point  7:iu,  where  E'.  is  the  particular  iron 
energy  in  the  laboratory  frame  and  the  parameter  a  is  computed  to  be  0.2 
from  the  fact  that  the  full-width  at  half-maximum  of  the  reactant  ion  transla¬ 
tional  energy  distribution  is  0.3  cV.  The  second  bracketed  term  in  Eqn  (5) 
is  the  energy  distribution  arising  from  the  thermal  motion  of  the  target  molecules 
and  Doppler  broadening, s*s  where  A,  the  Doppler  width,  is  given  by 
A  =  2(mi/i|AT/mn),/2)  and  m\  and  >nn  are  the  masses  of  the  ion  and  neutral 
species  respectively.  The  Doppler  width  is  the  half-width  of  the  probability  distri¬ 
butions  at  1/r  of  the  maximum  height. 

In  order  to  enable  one  to  deduce  thresholds  from  the  experimental  data,  the 
following  procedures  were  employed.  The  cross-section  as  a  function  of  energy 
for  a  given  reaction  was  calculated  using  Eqn  (4)  for  various  assumed  values  of 
n  and  E0.  The  calculated  curves  are  then  fitted  to  the  experimental  data  points 
in  the  energy  region  from  onset  up  to  the  energy  at  which  the  experimentally 
measured  cross-section  attained  a  maximum.  The  optimum  values  of  h  and  the 
threshold  E0  were  then  obtained  from  the  calculated  cross-section  curve  which 
gives  the  best  fit  to  the  experimental  data. 

Thermochemistry 

The  energy  threshold  determined  as  described  above  for  a  particular  collision- 
induced  dissociation  process  is  taken  to  correspond  to  A//r,  the  enthalpy  of  the 
dissociation  reaction  (Reaction  1).  If  it  is  assumed  that  the  reactants  and 
products  are  in  their  ground  states  at  threshold,  the  heat  of  formation  of  the 
molecular  ion,  AP“,  is  given  by 

*A//f  (AB-)  =  A //[(A-)  +  A//,°(B)  -  A//r  (6) 

or 

A//(°(AB")  =  A//f  (A~)  +  A//f  (B)  -  Eth  (7) 

If  the  heat  of  formation  of  the  neutral  molecule  AB  is  known,  the  electron 
affinity  of  AB  can  then  be  calculated  from  the  expression 

E.A.(AB)  =  A//,(AB)  -  A//r°(AB")  (8) 

RESULTS  AND  DISCUSSION  OF  RESULTS 

Cross-sections  were  measured  as  a  function  of  incident  ion  anslational  energy 
for  the  collisional  dissociation  reactions  of  NO",  NO,,  N.,0",  0.7  and  C03 
impacted  on  various  atomic  and  molecular  targets  (Xe,  Kr,  Ar,  Nc,  He,  Na, 
Oa,  NO  and  CO).  These  processes,  which  tire  of  the  general  form 

XO,7,  +  Y  —  »  0“  +  NO,,,-,  4-  Y 


(9) 
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arc  all  endocrgic  and  exhibit  energy  thresholds.  The  effective  energy  distribu¬ 
tion  for  such  collisions,  calculated  using  1'qn  (5),  is  illustrated  for  the  case  of 
the  NO  '/Xc  reaction  in  l-'ig.  1.  Figure  2  shows  typical  experimental  cross- 
section  data  as  a  function  of  translational  energy  for  dissociation  of  NO'  upon 
impact  with  several  different  targets.  Figure  3  presents  excitation  functions 
calculated  for  the  NO'/CIO  coliisional-dissociation  reaction  using  Kqn  (4) 
for  various  combinations  of  n  and  Eu.  Figure  3  also  demonstrates  the  fitting  of 
these  calculated  functions  to  the  experimental  data  points  for  this  reaction. 
The  sensitivity  of  this  procedure  is  such  that  the  best  values  of  n  and  E0  can  be 


Fig.  1.  (a)  Energy  distribution  of  the  NO'  incident  ion  beam,  (b)  Calculated  relative 
energy  distribution  functions  for  the  reaction  pair  NO  /Xe  at  8.S  cV  NO  laboratory 
energy  and  a  temperature  of  443  K.  The  solid  line  represents  the  calculated  function 
for  a  mono-energetic  ion  beam  and  a  Boltzmann  distribution  of  target  molecules. 
The  dashed  line  represents  the  calculated  function  incorporating  both  the  ion 
translational  energy  distribution  and  the  neutral  velocity  distribution. 


deduced  to  within  ~0.1  and  ~0.1  eV  respectively.  When  such  energy  correc¬ 
tions  are  made,  the  energy  thresholds  determined  from  the  reactions  of  NO- 
with  Xe,  Kr,  N.,,  CO  and  NO  are  identical  (within  the  experimental  error), 
and  indicate  an  N  — O'  bond  dissociation  energy  of  5.0 +  0.1  eV.  When  this 
value  is  used  in  Fqii  (7).  it  leads  to  an  electron  affinity  value  of  0.02 +  0.1  eV 
for  NO.  Table  1  summarizes  the  bond  dissociation  energies  derived  similarly 
for  all  the  negative  ions  investigated  in  the  present  study,  and  the  electron 
affinities  calculated  for  the  corresponding  neutral  molecules.  As  is  also  indicated 
in  Table  1,  these  values  are  in  good  agreement  with  recently  reported  electron 
affinity  data  obtained  by  several  other  techniques,  including  laser  photodetach¬ 
ment,  collisional  ionization  and  endoergic  charge  transfer.  It  appears,  therefore, 
that  the  collisional  dissociation  methods  applied  here  yield  generally  reliable 
ionic  bond  dissociation  energies.  This  technique  should  be  particularly  useful 
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Fig.  2.  Energy  dependence  of  the  cross-section  for  the  collision-induced  dissociation 
of  NO~  on  various  atomic  and  molecular  targets.  Where  noted,  the  curves  have  been 
scaled  by  the  indicated  factors. 


Fig.  3.  Effects  of  varying  n  and  £„  on  the  calculated  excitation  functions  (solid 
curves)  for  the  NO ‘/CO  collisional-dissocintion  reaction.  Dotted-line  curves  are 
the  threshold  functions  predicted  by  the  statistical  theory.  The  dotted-line  curve  at 
left  of  figure  is  the  calculated  energy  distribution  function  for  the  reaction,  which  is 
convoluted  with  the  threshold  functions  to  obtain  the  solid-line  curves.  Points  are 
experimental  data.  Where  noted,  the  curves  are  shifted  by  the  indicated  scaling 

factors. 
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for  more  complex  negative  molecular  ions  (sucli  as  hydrates)  which  may  he 
less  amenable  to  photodetachment,  and  for  many  ol  which  the  corresponding 
neutral  species  are  unstable. 

In  figure  3,  it  is  seen  that  a  value  ol  //-—  1.7  is  determined  from  the  curve 
fitting  procedure  for  the  NO  /CIO  reaction.  According  to  the  statistical  model 
of  the  dissociation  process,4  this  is  indicative  of  an  indirect  process  in  which  two 
of  the  three  particles  in  the  final  state  arc  (/nasi- hound  (in  the  present  case,  the 
target  is  considered  to  be  a  single  particle  even  if  it  is  diatomic  as  in  the  case  of 
CO).  For  the  negative  ions  of  interest  here,  such  r/rmt-bottnd  final  states  would 
be  more  likely  expected  in  the  case  of  reactions  with  X.,,  CO,  02  and  N'O  targets, 
than  for  the  reactions  with  rare  gas  targets.  Indeed,  all  negative  ion  reactions 

TABLE  1 

Bond  dissociation  energies  for  molecular  negative  ions  obtained  from 
collisional-dissociation  thresholds  and  calculated  electron  affinities 


Ion  (XO~) 

O'—  -XOm-1  bond 
dissociation  energy 
(cV) 

Electron  affinity 
of  XO„,  (cV) 

Electron  affinity 

obtained  from  other  experiments" 

xo- 

5.0+0. 1 

0.02  +  0.1 

0.024  +  0.010  (1*13) ;» 

0. 1  +  0.1  (Cl);” 

>0.015  +  0.1  (CT)" 

o,- 

4. 1+0.1 

0.44  +  0.1 

0.44  +  0.01  (1*13) 

>0.45  +  0.1  (CT)« 

NOj 

4.0±0. 1 

2.4±0. 1 

2. 5  +  0.1  (Cl);”" 

2. 3  ±0.1  (CT)* 

N,0 

0.43±0. 1 

0.22  +  0.1 

>  -0. 1+0.1  (Cl);3 

0.G  (C'f),! 

COJ 

2.0  +  0. 1 

3. 1  ±0.2 

>2.7  (I'D)15 

“  Symbol  following  the  data  designates  the  type  of  experiment :  1*D  =  photodclacluncnt ;  CI  = 
collisional  ionization;  CT  =  endocrgir  charge  transfer. 


with  rare  gas  targets  which  were  observed  in  the  present  study  yielded  values  of 
7i  >  1.9,  as  the  statistical  theory4  predicts  for  direct  processes,  in  which  the  final 
states  are  unbound. 

The  reactions  of  N,cO-  and  with  XlsO  were  also  studied  to 

determine  if  the  O'  product  originates  entirely  from  the  projectile  ion.  In  both 
reactions,  ,cO'  and  1rO~  products  were  observed,  again  indicating  that  some 
qtifisi-baund  intermediate  state  is  formed  which  results  in  isotopic  scrambling. 
The  thresholds  for  production  of  ";0  '  and  l80~  were  found  to  be  identical,  and 
the  relative  cross-sections  at  the  maximum  are  in  the  ratio,  cti»0 — 1:  1 

and  2:  1  respectively. 

The  collision-induced  dissociation  reactions  of  the  larger  negative  ions 
studied  here  (NO.;,  XT)  ,  C03)  tire  characterized  by  values  of  n  which  gener¬ 
ally  exceed  the  limits  predicted  by  the  Rebick  -Levine  model. 4  and  the  distinc¬ 
tion  between  reactions  with  rare  gas  and  molecular  targets  is  lest;  evident. 
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Discussion 

R.  W.  Rozctt  (Fordhant  University,  New  York):  Your  experimental  curve 
near  threshold  showed  a  slight  shoulder.  Isn't  there  a  danger  that  you  arc  fitting 
your  curve  to  two  states  rather  than  to  one? 

T.  O.  Tiernan;  That  is  always  a  possibility;  little  is  known  about  negative  ion 
states.  The  shoulder  is  not  very  pronounced. 


Negative  ion- molecule  reactions  of  ozone  and  their 
implications  on  the  thermochemistry  of  03 

C.  Lifshitz,a)  R.  L.  C.  Wu,  T.  O.  Tiornan,  and  D.  T.  Terwilliger 

Pic  Urchin  Laboratory  ami  Department  of  Chemistry.  Wright  State  University,  Dayton,  Ohio  -1 54.15 
(Received  22  August  1777) 

Ail  in-line  double  mass  spectrometer  lias  been  employed  to  determine  reaction  rate  coefficients  and 
excitation  functions  for  several  types  of  negative  ion  reactions  involving  ozone.  The  interactions  studied 
include  electron  transfer  reactions,  such  as,  M"+0,— M-fO;  (where  M"  —  O',  Oil",  F".  Cl",  Hr', 

1  ",  S  ,  SM  ,  Cl- ,  C; 1 1  ,  NO,  ,  and  CO,')  and  particle  transfer  reactions,  such  as  MO  "+0,— M  -t-O, 
(where  MO'  —  0;  ,  NO:  ,  NO, ,  CO,  )  Translational  energy  thresholds  have  been  determined  for  those 
reactions  which  are  endothermic  by  applying  exact  Doppler  corrections  for  the  thermal  motion  of  the 
neutral  as  well  as  corrections  for  the  translational  energy  distribution  of  the  projecticlc  ions.  These 
experiments  place  a  lower  limit  of  2.26 eV  on  the  electron  affinity  of  ozone.  This  value  is  in  excellent 
agreement  with  the  value  computed  from  the  bond  dissociation  energy  of  O;  in  its  most  stable 
configuration,  D  2(0  -O.)  --  1.80  eV,  as  deduced  from  measurements  of  the  translational  energy 
thresholds  for  the  collisioual  dissociation  process,  -O"  7  O.  +  M.  where  M  — lie,  At.  Further 

implications  of  these  experiments  with  respect  to  the  structure,  thermochemistry,  and  excited  states  of 
O,  are  discussed. 


I.  INTRODUCTION 

Negative  ion-neu(ral  reactions  involving  ozone  have 
attracted  considerable  attention  owing  to  their  impor¬ 
tance  in  atmospheric  chemistry. 1-10  Various  experi¬ 
mental  techniques  have  been  employed  to  study  these 
reactions,  including  flowing  afterglow1, 3,5-7  and  static 
drift  tube8  methods,  as  well  as  ion  beam  techniques.2*4,9 
The  former  have  provided  reliable  rate  coefficients  for 
thermal  energy  ion  reactions  involving  ozone  while  the 
latter  yielded  excitation  functions  at  somewhat  higher 
ion  translational  energies  (>1  eV).  In  addition,  a  re¬ 
cently  reported  study  of  the  reaction  between  Oj  and  C02. 

o;+co^co;  +  o2,  (1) 

was  accomplished  using  flow-drift  techniques,  in  the 
intermediate  range  between  thermal  energy  and  a  few 
eV. 10  Still,  several  questions  remain  to  be  answered 
with  respect  to  ozone  negative  ions,  a  major  uncertainty 
which  persists  being  the  bond  dissociation  energy  of 
Oj.  The  value  of  the  latter  quantity  which  is  calculated 
from  A/f  for  Reaction  (1)  is  in  disagreement  with  the 
value  derived  from  the  electron  affinity  of  03  which  is 
reported  in  the  literature. 10 

Previous  determinations  of  the  electron  affinity  (E.  A.) 
of  ozone  have  been  made  using  photodetachment  meth¬ 
ods, 11,12  collisioual  ionization, 13  and  endothermic  charge 
transfer14  experiments,  and  lattice  energy15  and  con¬ 
figuration  interaction  calculations. 16  The  reported  val¬ 
ues  of  E.  A.  (03)  obtained  from  those  studies  range  from 
1.9  to  2. 15  eV,  with  estimated  uncertainties  as  high  as 
0.4  eV,  Among  the  lowest  of  these  values  is  that  de¬ 
termined  by  Berkowitz,  Chupka,  and  Gutman14  from  the 
energy  threshold  for  the  l"/03  charge  transfer  reaction, 
where  the  1"  reactant  was  produced  by  photon  impact 
(ion  pair  formation).  It  is  interesting  to  note  that  in  the 
same  study  the  latter  authors  reported  a  lower  limit  for 


the  electron  affinity  of  NOz  (2  2.04  eV)  which  is  con¬ 
siderably  lower  than  the  now  accepted  value,  E.  A, 

(N02)  =  2. 36 ±  0. 1  eV. 11-20  A  review  of  the  literature, 
however,  reveals  that  the  first  reported  investigation 
which  obtained  the  currently  accepted  N02  electron  af¬ 
finity  was  that  conducted  in  our  laboratory, 21  and  this 
study  was  employed  endothermic  charge  transfer  mea¬ 
surements,  in  wliich  Br*  was  the  projectile  ion.  At  the 
same  time,  the  lower  limit  for  E.  A.  (N02)  which  we 
obtained  by  similar  methods,  but  using  I*  as  the  projec¬ 
tile  ion,  was  somewhat  lower  (2. 21  eV).  This  sug¬ 
gested  that  there  might  be  an  inherent  difference  in  the 
threshold  behavior  of  1*  and  Br"  reactants. 

Several  experiments  have  recently  been  reported  in 
which  direct  dissociation  of  Oj  has  been  observed.  La¬ 
ser  photodissocialion  of  Oj  was  shown  to  yield  O’  and 
02,  and  this  is  the  major  reaction  channel  at  photon  en¬ 
ergies  between  1.8  and  2.7  eV,  although  photodetach¬ 
ment  is  also  energetically  feasible.  22,23  Collisional 
dissociation  of  Oj  was  observed  in  flow-drift  experi¬ 
ments,  and  it  was  determined  that  the  bond  dissocia¬ 
tion  energy  of  Oj  is  lower  than  that  of  COj. 10  However, 
neither  of  these  experiments  has  provided  an  accurate 
value  for  the  bond  dissociation  energy  /)J(0"-02),  in  the 
Oj  ion. 

The  above  considerations  suggested  the  desirability 
of  investigating  additional  endothermic  charge  transfer 
reactions  of  negative  ions  with  ozone.  In  the  experi¬ 
ments  reported  here,  we  have  employed  a  tandem  mass 
spectrometer,  applied  previously  for  many  similar 
negative  ion  studies,  11,21,24-29  and  have  observed  the  re¬ 
actions  of  some  15  different  negative  ions  with  03.  In 
some  cases,  both,  electron  and  particle  (O'  and  O)  trans¬ 
fer  reactions  have  been  detected.  Energy  thresholds 
for  such  endothermic  charge  transfer  reactions  yield, 
of  course,  only  lower  limits  for  the  electron  affinity 
of  the  molecular  target.  However,  If  a  scries  of  pro¬ 
jectile  ions  arc  employed  wliich  indicate  a  range  of 
electron  affinity  values,  as  in  the  present  experiments, 
then  the  highest  value  obtained  will  be  closest  to  the 
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true  electron  affinity;  thus,  the  value  of  this  approach. 

In  other  experiments  described  in  the  present  paper, 
translational  energy  thresholds  for  eollisional  dissoci¬ 
ation  of  03  have  been  determined,  yielding  an  accurate 
value  of  the  bond  dissociation  energy  of  03)  in  what  is 
believed  to  be  its  most  stable  ground  state  configuration. 

II.  EXPERIMENTAL 

A.  Instrumentation  and  techniques 

An  in-line  tandem  mass  spectrometer  was  utilized  in 
this  study.  The  instrument  has  been  described  in  de¬ 
tail  previously.11'24"21'30  Briefly,  it  is  a  beam-collision 
chamber  apparatus  which  provides  mass  analysis  of  the 
product  ions.  The  collection  stage  is  fixed  at  0°  (LAB) 
scattering  angle.  The  projectile  ion  is  formed  in  the 
electron  impact  ion  source  of  the  first  stage  mass  spec¬ 
trometer,  which  produces  a  mass  and  energy  resolved 
beam.  This  beam  is  then  decelerated  in  a  retarding 
lens  and  impacted  upon  the  target  gas  in  the  field  free 
collision  chamber  maintained  at  a  constant  temperature. 
Collision  chamber  temperatures  employed  in  the  pres¬ 
ent  studies  range  from  30  to  170  °C.  The  energy  spread 
of  the  projectile  ion  beam  entering  the  collision  cell  is 
±0.3  cV  (LAB)  over  the  ion  energy  range  0.3  to  about 
180  eV  (LAB).  Product  ions  are  mass  analyzed  in  the 
second  stage  mass  spectrometer.  Pulse  couniing  tech¬ 
niques  are  used  to  measure  the  product  ion  current. 

The  gases  used  in  these  studies  were  reagent  grade 
and  were  obtained  from  the  Mathcson  Co.  Ozone  was 
produced  by  a  Tesla  coil  discharge  through  oxygen  at 
low  pressure  (~  10  lorr)  in  a  vacuum  system  which  was 
free  of  hydrocarbon  grease  or  mercury. 31  The  ozone 
was  condensed  at  -  198  °C  and  residual  oxygen  was  re¬ 
moved  by  pumping  on  the  trapped  03.  The  latter  was 
then  vaporized  immediately  into  the  ion  source  of  the 
first  stage  mass  spectrometer  or  into  the  collision 
chamber,  as  required  by  the  specific  reaction  studied. 

Reactant  halide  ions  were  produced  by  dissociative 
electron  attachment  to  C1I3F,  CC14,  CIl3Br,  and  C113I. 
The  C03  reactant  was  produced  in  Ihe  primary  ion 
source  by  the  ion  molecule  association  reaction,  O" 

+  C02  +  M  —  COJ+M.  The  ions  O'  and  S'  were  produced 
by  dissociative  electron  capture  in  N20  and  COS,  re¬ 
spectively.  The  OH'  ion  was  produced  from  H,0  by  a 
sequence  of  reactions  involving  first,  dissociative  elec¬ 
tron  attachment  yielding  O'  and  H*,  followed  by  the  ion 
molecule  reactions,  O*  (ILO,  OH)  OH',  and  If  (I120, 
ll2)Oir.  The  ions  NOj  and  C1J  were  formed  in  mixtures 
of  their  parent  gases  with  N20,  by  electron  transfer 
from  O'.  The  ions  SH*  and  C211*  were  produced  in  mix¬ 
tures  of  1I2S  or  C21I2,  respectively,  with  N20,  by  both 
direct  dissociative  electron  attachment  and  by  proton 
transfer  (o  O*.  The  projectile  ion  03  was  produced  by 
change  transfer  reactions  involving  O'  or  OB'  and  03, 
as  discussed  in  later  sections. 

The  ions  arc  all  formed  at  source  pressures  s  -0. 1 
torr.  It  is  estimated  that  they  undergo  approximately 
30  collisions  within  (he  source  chamber  before  exiting. 
If  they  arc  Initially  formed  in  somo  excited  slate,  the 


rate  coefficient  for  eollisional  deactivation  must  be 
-  JO"’1  cm3/ see  in  order  for  the  excited  species  to  sur¬ 
vive.  1  ho  transit  lime  required  for  a  projectile  ion  to 
reach  the  collision  chamber  is  such  that  an  excited 
species  must  have  a  lifetime  of  the  order  of  10  /iscc  or 
longer  to  survive. 

Charge  transfer  reactions  of  S'  and  SH'  with  03  were 
observed  by  using  the  low  intensity  isotopic  ions  34S* 
and  34S1I'  as  reactants,  in  order  to  distinguish  the  03 
product  from  Ihe  SO*  product  which  would  normally  ap¬ 
pear  at  the  same  nominal  mass  to  charge  ratio. 

Associative  detachment  reactions  were  studied  using 
a  method  recently  developed  in  our  laboratory. 31  In 
these  experiments,  the  target  gas  in  the  collision  cham¬ 
ber  consists  of  a  mixture  of  the  desired  neutral  reactant 
and  SFC.  The  latter  serves  as  a  scavenger  for  the  de¬ 
tached  slow  electrons  which  are  monitored  by  measuring 
the  resultant  SFj  currents. 

All  charge  transfer,  particle  transfer  or  collision- 
induced  dissociation  reaction  rate  coefficients  (or  cross 
sections)  were  determined  relative  to  the  rate  (or  cross 
section)  for  the  reaction  O'  (N02,  0)NOj.  Associative 
detachment  reaction  rate  coefficients  (or  cross  sections) 
were  determined  relative  to  the  rate  for  the  reaction 
O'  (NO,  N02)  <?'. 

B.  Data  treatment 

The  product  (secondary)  ion  intensity  /s(£l0)  is  con¬ 
verted  to  an  observed  apparent  cross  section  using  the 
relation, 21,29 

<Cp(£.o)=c[M*..)/^1/Vk1.},  (2) 

where  /p(E,0)  is  the  primary  ion  intensity,  Fl0  is  the 
nominal  reactant  ion  energy  in  the  laboratory  frame, 

P,  is  the  target  gas  pressure,  and  C  is  a  conversion 
factor.  C  is  determined  at  Flo  =  0.  3  cV  using  the  pre¬ 
viously  reported  cross  section  of  63  A2,  and  the  product 
ion  intensity  observed  in  the  present  study  for  the  charge 
transfer  reaction  0'(N02,  O)  NOj. 21 

The  absolute  cross  section  o(Frtl)  and  its  dependence 
upon  the  true  relative  energy  of  the  ionic  and  neutral  re¬ 
actants  (the  so-called  excitation  function)  must  be  de¬ 
duced  from  the  experimentally  observed  dependence  of 
cr°j£(Cl0)  on  the  nominal  ion  laboratory  energy  El0.  The 
experimentally  obtained  excitation  function  differs  from 
the  absolute  function  owing  to  two  factors,  (1)  the  experi¬ 
mental  spread  in  the  incident  ion  energies  and  (2)  the 
thermal  (Doppler)  motion  of  the  neutral  target.  In 
earlier  treatments  of  similar  data, 24  we  have  neglected 
the  first  factor  and  treated  the  second  by  an  approximate 
one-dimensional  Maxwellian  distribution  function  due  lo 
Bethc  and  Placzck.32  More  recently,29  we  have  modi¬ 
fied  the  data  reduction  procedure  to  take  account  of 
both  factors  (1)  and  (2),  but  have  still  treated  Doppler 
broadening  using  the  Bethc  approach.  In  the  present 
study,  wo  have  adopted  the  exact  treatment  of  the  Dopp¬ 
ler  broadening  developed  by  Chantry,  ”  in  conjunction 
with  the  exact  treatment  of  the  incident  ion  beam  energy 
distribution.  In  the  following,  the  formulas  relating 
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{].'A  I  -  i :  ■  « •■  I  -r;  '!„•  ilarlMl,'.  f  UlU*  l|.»r.  |(U'  )’SJ.  Uil, 

aii'l  »i. ;  :  :.»■!*  ii- ■!  ii.ii.vil ,  lilt.*  f  :  i  ■:  i  in!i  i!  Imin  u  <  ;!  for 

;i  (/  ')  -I,;x/[i  'r,  (1^) 


I  ha  fir.u’iional  form  employed  for  rr(f  ')  is  nd.dod  i<» 
Uu:  Hirusiiolil  In  ii.iv  1 1 •  i  u(  du-  v.n  mu  -  lype-s  ut  ju  a;  <■.-  -'  s 
siudod.  Tlir  b,-.'  I  i  i  for  ('iidol  Ic.i  i .  1 1  ■ '  ehai/.v  li-.r.iri'-r 
was  oi‘!  iin»*i  \i\  ii‘.np\  a  hr.c.u-  pi  -a- s'ij>  1  iu  'l  i-  ii .  a- 
lias  also  b«v;i  alt  :(  in  i  < 1 1  ■  i  t  i..rr  p;a-\  »  »vi •  - 

ly .  ' 4*  * \V  Hli  l  la.,  line  ii  on,  0  t: -i  i;  •  ),  i.n  It  ‘."in 
hiavmnmi  vabu*  <>l  '.hr  .ibsnhiir  I-.iiol  .,iory  t  idT;;'. ,  //, 
abovr  v.  barb  »»■  0  >■  0.  l  or  t  r» ■  il  1 1 »i ■  imiIiiK'  I  rails- 

Ii  i  ;■  ■  f  ■  1 1  *  ?i  i‘* ,  Ii.  v  i  iur  j:.  -  (?  v  i  ■  i  ri  m  •  i  ,i  ■  i !  v 
an!  ;.  v..i>:  wo  h-  I  '  •  i  a  it  a  \,\  wa*-  oida  iiusl.  <  ’  •  >  I !  i  ion  nr 
l  lari’  1  ill-  ‘  i>.'  Ill  son  \\  '  1  I  >  )  j.'liVf..  .  S  I;.*  v  -  •  I )  l  ■  ‘ Ji  M|>  1  1  '•  ■  ’ 

l  iv. i*. i-d  ll.it*:  t •  l  u  1 1 1  v ,  ‘ 1  .'n  l  Du'  1 1. 1  !*..!•.. -I i I  beli.ivmr  i.1-  II.-' 
Cl  i;  ‘  -t  *r  1 1  ■  ‘i :  »iii  I  1 1  r  s'  ’  lli.il  n:  1  .mil  1,0  //  2//.  b'i' 
a  '  i-'i'vc ( ”  C'il)  i> i . i/i-ss , 
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III.  RESULTS  ADD  DISCUSS'r-’ 

A.  Charge  transfer  reactions 

L  7 rvnsiationy!  mere:/  thresholds  fur  endothermic 
clijigc  transfer  reactions  of  nu^it-vc  ions  with  0, 

Kscitafion  him-iinns  wore  determin'd  for  reactions  of 

•< type. 

WtOj-MrO;  (14) 

where  M*  ••  K',  C  T,  Hr",  1",  and  CO}.  Front  the  inen- 
Etired  excitation  fiir.rln.in  for  each  reaction,  the  transla- 
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nr,  ?.  Tulin!  ■  1 1 I : . :  1 1  e'leti  V  i  :v .  ii*  I  ii  h'  1 1*  'V  (,'f  lilt:  el'oi.H  tt-clliill 
fi»!  tin  l  ii-i-lroii  tin ii.-,f i*  1  1  •  iti’l i ■. hi  of  ill*  .alii  r  '■) ■  ar.JU., 

1‘oin1'  1  e  i  vj.'.-i  1  n  1’.  c. n  a1  J2.VC;  -ale;  In  '  S  are  lin- 

C.'ilcllltiii  if  "i'C!  I  f  ll"  111.  Crtti  'hl  fiill'jlI'Jlo  I  I  li  II-.*-  c  r.vcinli'it  ■  1 
cilaii-’’i  Ini  rlion::.  T  he  ) I ni.n  i -|'hi*-»l (v  tin  eahoiil  fnni li'ia.<  n 
for  No-,  i<(t  ')  t  (i  f.ii  ;  '  e  2.  t;  i  v;  nif  'i  (a  a.  a  lot 

II  !■  '  i.i.8  C  V  ,  nil, I  el."')  1 . 0  for  K I V;  fji  (),, 
«(/')-(  I  for  /■:'<  2.  Si  eV.  oil f  1 1- (/."-•  2.a!/l..|  for  2  .!•</:' 

S  •!.  .1  eV  niwl  nil.  (I  I  II  /•.  '  a  4,  a  eV, 


calcnl  i'.i  ll  "i  ■  :  1  in  <  :  t  :■  I  I . » ■ .  fill,,  to  1  :  vi  -  .t  lv  i  i r.v. J  i--..; 

II."  e  .  ir,  I  !  IV  .  I.,  i  I  1 1 .  -.!  I  .1 :  ul  i  ,1  -.- ,1 1,  t !,'•  1 1 la  ,  i  ,  ■  I  u  - 1  - 

Ml  ||  (Ini  .  Itni.l  (a . .  I'll  'I  t>  I : II  /  i  V, 

'it  '  -  i.  n  a.  a  im  t .  i  '  ■  i.uv,  i.i.'i  in/  ‘t  -  loim  i  ' 

■■ '  i  \  . 


lional  cra-rcy  litre!. hold  J'-0  In  Utc  cettli'r  of  m.t!.h  system, 
was  determined.  This  litre ^hold  is  Ci;tial<l  willi  the 
cndutlicriaieily  of  Hi'-  rea<-.( ji't:  A h  r  ar,.i  Use  clecTron  af- 
f ini ty  of  ozone  is  l ; ; 1 1  calculated  front  A //,,  and  from 
llio  known  cloot roti  .ifi.miy  oi  Ml  usiitj;  the  (herni od>  - 
nu  tit  it:  rcl.it  ion, 

!■;.  A,  (O,)  K,  A,  (M)  -  A/f,(.  (15) 

Tin-  data  lor  C,T  and  i  n,  deii'iinf'dratcd  consider. ilile 
waller  and  were  nut  i-iifii’i-tocl  for  the  Doppler  inulion 
of  llu1  iiitiifr.il  in  not .  'I  lii-  1*.  I'r',  and  I"  data  wore 
fro.  ill  d  as  explained  In  I  fit:  pic\ ions  seetioli.  The  Irans- 
latlimal  onerpy  Hire-  Irjld..  old  lir.ed  for  all  five  rene- 
lioiin  m.I  11. <■  l.iv.er  ] ui i il  -.  for  tin-  <>  eh  .  1  nn  affinity 
derived  frnin  I  hose  an-  snie.m.iri.-i  ,1  in  I  pile  1  The 
c-x|ierii.ieni  il  ii.it. i  jniin!:.  a-,  well  .e-  tin  rinii|nil('r  filled 
Curves  fir  the  exrii.il  ion  fluid  ions  ef  the  I',  l!r*t  and 
1’  leaelioii  arc  sho  . n  in  l-T/s.  1,  2,  and  3,  resjvr live¬ 
ly.  In  1-n,,  ?  we  have  also  me litilcd  ..ntnlar  new  data 
lor  fhe  i  c.'.iTina, 

Hi  *  ,  No.  -  Hi  ,  s:o‘ ,  (Id) 

for  con;  nr;:  on.  Tla:  1 1  an:  la!  nil  nil  enei  py  Ihreshold  h-i 
1  elect  i  in  1 1  a  ■  i  sft  i  to  l ) ,  a  ii.l  Hie  o/i  le.i-  r  I  it  t  ron  if  f  ini',  v 
ill -due ei I  1 1 , ..-il  if  ( ’ ' i( -. .  3  .e.  I  T.d  ■!•■  1 )  ..  i  e  I n  i-srrl  1 1  id 


J,  Clmnii  f  liyt.,  Vol,  Uli,  Hu,  1,  1  Jui.inuy  HJ/U 


l.ifsliitz,  Wu,  Ticman,  anti  Tctsvilliyer:  lon-inolcculu  reactions  of  ozone 
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l'Ki.  li.  Cl  •>-'»£  :-erllon  f o  1  ?.!.•'  umlI'dii  »  i  V  a  a  a  fiiitc- 

1 10:.  of  I  r; t :;;l : 1 1 1 . i  . .  1  i 1 1 » : ; » l :i  i  c  expel 

(coll..  n:i  cl;.i :;i  h.  j  U-is::h  i.iitivi-  C?t  .’-.oil!  »".t  r-  l he  coit- 
v.'inttti  fil”  cvci,.;ii  i*»t»  f  i: :  it  1 1  *j:  : :  1  me ;* :  •  i'ltl.,-  ste  |»  tire  i/I’.- 

cl'.!  ir.  n\{-  ')  •  ll  f or  /  '  <  *1.  (•  eV;  (.U  'l  ‘  (/  '  —  *1.  0  )  0.  5 

for  *1.0  ■  /•-  '  ’•  •».  **.  r  V  :j ik)  <•(/:  ’ )  •*  l .  0  for  F.  ’  •  *1.  v  t-V. 


ni'.rctMucr.t  v»ih  iha'.u  oht.iiri'il  jn-eviuu.slv  by  )'uri;o\v»t 
Ciiiipi.a,  am!  Gain. an. 11  'Ilia  IV  ar.cl  I'  roar  l ion.;  v.  ilh 
03  were  observed  at  several  dilfereril  collision  chamber 
temperatures  (30,  125,  i:.  t  170  X)  and  Hie  thresholdii 
obtained  for  reactions  of  both  ion-.;  were  f'.unrl  to  1>e  in¬ 
dependent  i>f  tcmperutui  i. ,  within  exp.i  in. uii.il  error. 
However.  Hie  Pa'  reaction  yielded  conr.i.'.kii'ly  higher 
values  lor  the  electron  afliniiy  of  ozone  than  I’ne  I*  re¬ 
action.  Similar  behavior  was  previously  observed  in 
our  earlier  experiment:;  v  til)  NO,. 11  Tin’  presently  dc- 
torinini’il  electron  affinity  for  N02  (2.  *10  eV),  using  13 r' 
as  the  projectile  ion  [l  ip,  2(a)),  is  In  (•••.red  lent  s’.ree- 
ineni  with  the  currently  accepted  value  of  7.  3.".  t.  0. 1 
eV,  0  An  we  have  already  noted,  electron  alfimty  values 
derived  from  threshold  ineaniireineiil!,  ot  the  type  de¬ 
scribed  hero  are  eon'inhred  to  be  lower  limits,'  *’’’ 
since  the  prodnel  inm.  may  be  formed  with  ext  css  m- 
Icriul  or  tr.ii  elation. .1  energies,  even  at  llut'sindd.  The 
prcncnl  experiments  imlicale  however  Unit  ihe  Hr*  re¬ 
action  leaves  the  elcction-lranafer  product  ion  with  the 
leant  annv.in!  ot  cxer.rr,  energy  nl  llireslmid  in  ihe  rase  of 
both  NO,  and  (),,  Since  the  cscit.il ion  ftinlum  for  the 
Br'/Oj  reaction  (Ta.ilr  I)  ban  been  corri-eli-il  f-..r  lii'pp- 
1<T  mot  ion  and  ion  Veloc  ity  spread,  and  smeo,  among 
the  read  inns  for  which  tin  * -:-l n .[.t  correction;.  could  No 
applied,  Ihe.  re. idion  gives  the  highest  <. > ,  i ■leclrop  af¬ 
finity  value,  v  e  i  ni  i.h  g  Ihis  \  aim-  i.)  be  in  ,ii  cat  the 
true  eb  cli  in  affinity.  We  conclude  Iheiciuii,  that 
K.A,  (0,1  '  7.  iTWjT1  eV,  Ihe  eri  ui  liinit.-i  r< -f  1. -i- 1 1 n.’.  the 
lined  t. unties  arising  from  ihe  eoiiipmer  fits. 

It  in  lute)  e.!  in,’,  lo  mdr  lb  il  die  In. ear  i-.eclioii  ot  Ihe 
e\c  it  at  inn  tiini  I  e  m  d.te  lie  ned  (or  die  In'  'u,  i  e.icl  net 
1 1  i|'. .  2 1 1  d  |  pain-  a  t  en  .  ith  r.d d  y  .-.li.ii  ler  c  ..!■  r  til  m.tnn 
eneri'.v  r.ie-.e  dim  •  !■■■■-  inn  nf  flu-  i  '/Oj  r>  ii  ii.m  llic,. 
1).  Tin-  ■  u  ■  ge  si  :  Hi  d  ,  in  c  *  mi  r..  *  i  In  i  le  |n|. iv  mr  of 
the  1  ”  t  >  ■  Ifn,  I  In'  pi  !  cit1 1  1 1  sui  face  of  I  lie  [  I  ’  i  '  .  I ),  j 
ri'.ll'l  1111  I'll.'  Il-l.’l  .1-  -|  .  |  1 1  1 1  u  I  die  |  1 1 1  i  l  I ",  j  pin  llll  I 
p  ;  ii  hi  •  'tin  a  m  a  i ,n.  i'  1. 1  1 1  i  i .n,'  i nl .  i  i.  linn  .  i icc u t  un¬ 
it  n\  i  r  a  \  . ■  i  v  a  it  i  inv  i  an  nl  mil  l  uiirli  .il'  :  i  |>  1 1  at  out  , 


and  potential  cuergicn.  Similar  differences  in  the  be¬ 
havior  of  various  halide  inns  (for  example,  1"  as  com¬ 
pared  lo  Cl*)  in  endothermic  electron  transfer  reactions 
with  the  oxygen  molecule  have  been  noted  in  other  stud¬ 
ies.  It  is  also  apparent  that  if  the  products  of  the 
Hr'/Oj  reaction  me  indeed  formed  with  little  or  no  ex¬ 
cess  energy  .it  threshold,  then  llie  potential  surface 
leading  to  the  [Dr  a  Ojl  products  must  bo  quite  flat  front 
the  pond  at  which  it  intersects  the  reactant  surface  tc 
the  region  of  infinite  iiiternucleur  separation. 

7.  Observation  of  exothermic  choree  transfer  reactions 
at  low  translational  energies  which  establish  limits  on 
the  electron  affinity  of  o/otic 

Negative  inn-neutral  charge  transfer  reactions  which 
exhibit  large  ran*  coefficients  at  low  relative  transla¬ 
tional  energies  c.iji  i.ciierallv  be  presumed  to  be  exo¬ 
thermic  pro;  ■"  •  e." .  Such  exotherm  ,c  pi  ocem-es  are 
generally  eli.ti arte rizcii  by  a  inonoior.ically  dor ivanm;', 
cross  section  with  increasing  reactant  translational  en¬ 
ergy,  Tho  observation  of  thoL-e  reactions  (h.'-rolurc  pro¬ 
vides  Information  e  oner  nit  n:;  the  relative  electron  af¬ 
finities  of  th"  readmit  s|"  en's,  .url  in  tonic  t  .res  a 
scries  of  "iob  obsurvutioiifi  p.irniiis  one  to  bract  cl  tho 
electron  affinity  of  a  molecule  ol  tnirresl.  l'or  ex¬ 
ample,  olr  I'l'vn! jop  ot  t)i"  fast  idoclron  transfer  reac¬ 
tion,  SH'(NU,,  SI!)  NO!,  in  a  provuniK  study,'1  esta¬ 
blished  Ilia'  K.  A.  (MO;)'  M,A,  (Mi).  Similarly,  the  oc¬ 
currence  of  da;  fast  reaction,  NO'(Clj,  NO;) C.'lj, 16  esiat) 
lislied  the!  I-..  A.  (NO^)  If.  A,  (CIT.  ll  was  thus  pos¬ 
sible  to  state  l!i:. I  K,  A,  (NO,)  lies  between  that  of  MI 
and  Clj,  and  si  nee  the  electron  affinities  ot  the  hitler 
wore  known,  specific  iinnl:.  for  K.  A.  (NOT  were  t  , tab¬ 
le. hid.  A  similar  approach  hns,  been  applied  in  the 
present  study  of  ozone,  (  iiariie  transfer  reaction:;  of 
selected  negative  tons  with  ozone  were  uive.'.tie.aied, 

,uid  rate  cueftu'it'iils  were  delenuiiied  for  tin  se  at  0.3 
pV  (I, AD)  1 1 aii-latioirtl  cuei'i'.y ,  as  shov  ii  in  Table  II. 
lor  I'onipar 'isoii  purposes,  Ihe  rale  eoeff uai.n!  at  0.3 
oV  is  also  rhnv.'n  for  Hit  1  /(J,  ebai'i'.o  transf"!'  reae- 
tion,  which  is  hnov.'ii  In  l>e  endotli.. i  ni  ic .  'I  lies';  (lata 
clearly  indicate  that  K.A.  (0,)^i;.A.  (OH),  K .  A .  (O), 

In  ar.iecmeiit  with  previous  findings, 10  These  results 
also  show  ilia!  K.A.  (Oj)  K.A.  (Cl.),  K.A,  t  tbii). 

Taken  in  cni.im.eiion  with  I  lie  icsiilts  disetir.ied  in  I  no 
pluvious  strlmii,  then,  llmsi  obsei  v.it ion  .  lead  lo  the 
cunt  lesli.u  that  2,  70  '  K.A.  (u,)  Ml.  If.  eV. 

Tim  fair  tl.d.t  and  oxcH  itb  n  fundi  m  for  the  S",  SH ", 
and  NO!  in  .ml  .on  .  v  i Hi  ( > ,  ( i  .dd. ■  11)  son b..i  ler "■ 
ronelm  IVC  With  I  t  spec  I  .  Ill"  H,  el.  Ill'll  .dl'iidy,  V.'liib1 
cleelron  train  ler  from  NO.'  I.i  th  iv.i  ;  bnnid  in  be  mod¬ 
erately  laid  at  0,3  t'V  (/.■  0.  O  '- 10'1'  cm  /inob'i  tile  see), 

no;  ,  tij.'  i;ivo; ,  (17) 

it  u  .1  ot,:  1  n  "d  th  it  Hie  1  1 1  e  e  o  d  ( ii'lenl  for  1 1,"  ii'trl:  t' 
reaction  (eh  tiion  li.im  ler  Iii.m  ti)  i,.  MO.)  r  a!  o 

rea  s. m  1 1 d  v  I  .  i  "i ■  Gv  p ,  (i  ]  o  1  c  i o  '/  mob  i'll li  :  ee ), 
Moi'env 'er,  a  slme  ii  la  I  i  i,  Ihe  cm  il.tlioo  to:  e- 
(  n ■  i •  lor  bo: Ii  1 1 1  line. I*  pi  n  .  .■  :  ...  oshibil  b"h  ivnn  wlm  h 
Is  Is  pi.  .>  I  .  i.ili  i  mo  |o  o.  i  :  "  ■.  '1  he-  a.  .■  f.-ts  i  Ii  o 

I  he  elii  1 1  ■  .a  ,.  I!  in  1 1  ns-  i ,[  o,  i  ii.  |  No  .no  tim,  i.i  si  i  I  \ 
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CQiiil,  Oil  tins  basi.-.,  l:Ov',cvi  r,  piii-  would  i.xpcci  tlipt 
the  met  ion, 

s’  +  tij- f.  .o; ,  (iu) 

won). I  have  .i  l.irper  rale  toofi'ieteii!,  ."hire  the  (  lecti  on 
;i ff 1 1 nt y  of  S  is  only  2 . » > V 7  e\  .  Also,  iho  c\< :  ilatirm  lur.i  - 
1 1  On  fill'  lit  action  (In)  i : .  ( 1 1 : 1 1 c  ll.it.  not  .i :  e::|."ct(d  for 
mi  csol!,'  rni ie  roaclios.  The  ob.  1 1 . 1 1 1  m  ot  .in  .ippu- 
cnlly  (-Mu tli'ir i ini'  flu'li  mi  1 1  i n:  b  i  i'imi'Ihiii  li  mu  SO* 
to  O,  also  lead"  one  le  (’spec1.  Unit  tin-  I'e.ictmn, 

:l.Sii*  .  CV-  ".Sll  I  ti;,  (ID) 

Will  be  (Aolliorii! ie ,  since  K,  A.  (Sll)  hi.  A.  (NO,)  ,  In 
fuel,  the  rale  t-tsi.-f tin*  lit  for  llie  !. liter  toaelion  Is 
>s  1 1 1  .;!!■- 1  ■  | )  i .  1 1)  ti,.',  I  Inn  !!■'■  Ininioi',  and  fu  i  1 1  n  ■  i iimi'i: ,  tli" 
*->.i' il.d mu  Imulian  for  Ke.ie t mi  (19),  sh  >v.ai  in  l'iy.  fi, 
I'U'.ll'lv  c.'-.b  dels  ,iii  ein  spy  I  Ine.'ln  dd.  II  is  p*  I  I  ,.■}>.• 
f'il;1.i,.llii'  'ill  t ti.it  !!.r;  iiu:  si'cli"u  for  Ibis  ri  .irtiuii.it  lln 
love  . i  i  ll" lr. .irn  :  li'le  in  '.I,,  -.e  ■■'.)  ,.i  i.si  n1!:  is  roa- 
sr|.-:  il,|y  I  -  •  i : '  I '  lli.m  iii.il  1 |  nr.i  1 1 i.ln  I  vi  il  Ini  hi  .lily 
(’irl.i'.h.  c.iic  i'i:,  irl  i"  As  v.'r  li.ive  it  i'  it  li  l !  y  i  I'porii'il.  ' 
l  lie  111. 1 1  or  i  car  l  mu  1 1:  i  mi- -1  bn  I  mill  '"  !•*/  U,  .nut  Si  !',■  O, 
lllli'l  .tel  nil'..;  is  ,is:  nr  Ml  i  ve  detachment, 

s‘  i  ti,  -  so, .  i',  (;’o) 

;./r  ,  In.  i  h,| . , ,  l ) 

|  llie  rn  Ii'.v  lii'j.rniii  e-  "  ol  lte.n  I  ion  ('ll  e.  .il  shoo:  in 
I'll',  '.  I .  .  ■  l,ri  'l.e  i !  ■  1 1 :  ■  1 1 .  mi.'*.1  of  lie  -  si-  I'.',  s'  1 1 1  in  ■  in  II."  ell  - 

err.y  ■  ^ ■  i •  -ini  I  r ... 1 1  (l.h  1  c\’  in. IV  - 1 1 ! •  •  tie  .ipp  li  en!  e\ 

(  1 1 . i * i . > •  . . . .  |,.|  I im  i  h  i  1 1 1 m  1 1  'n  - f i  i  | . i -in -e  .:  i"  . 

Oil'll- 1  I  input  1  nil  I  n  tills  v  till'll  I  III  .Ill'll  till'  ell'll  l  IM 


U'.uisfei  i'i'.k  -lions  discussed  above  ,uv  llie  Ici'.ve'  (  eu- 
ei'l'v  lino1,  uni  the  eiieri  '.  ri’snUit  ion  v.lii.  i  e  in  be 
achiev'd  for  tin*  react. mi  Hinln'.ii'!  hi  Iiu-  landem  mass 
spec  l  i'io.ic  Ie  r.  Nepal -.'.'e  mil  eb  r  1 1  or.  transfer  re  n'leer- 
which  are  only  slii.lilly  onclolherni ic  could  be  driven  bv 
the  lr  ansi  ilinii.il  cnei'i'v  of  llie  renlant  imi  be, mi,  which, 
as  already  noted,  is  0..’:  0.3  eV  even  al  tin-  lowest  en¬ 
ergy  attain,  dile.  Tluir  some  si  i;  .Idly  ensil  he  rni  ie  re¬ 
actions  ii i i:a,l i (  appear  to  be  exothermic.  Simitar  effects 
eon  Id  result  if  llie  readmit  inns  were  v  ihr.i  lioiialiy  or 
electronically  excited  in  these  experii'.iri'.i  r..  Karlter 
studies  in  our  laboratory1'  sm/pe.-dod  the  existence  of 
an  excited  NO(  ion  formed  by  negative-ion  electron 
transfer  lo  NO,,  and  a  rcvntlv  i*- -i ■  irled  invesiiiptlior, 
of  the  pi, sbiJesti  ', inline  of  NO’  u:d n  ales  Im:  existence 
of  a  Ion;-. -lived  vibr. don. ally  excited  NO*  sp  'cies.  " 
Obviously,  il  is  therefore  possible  th.'.l  tr.c  aiiparently 
('Niitliei'i  lie  NO*.,  O,  elec! roil  tra.iisf.-r  m  ,'rtion  which 
we  oli;  ei've  involves  iid"ia:.d ly  eacur-d  >  enetanl  ions. 

B.  Particle  transfer  reaction; 

Italy  e'leflieii  ills  v.cr"  also  nesisuri  d  fur  a  number 
of  oxolb'MUuir  and  eraioi liei'ane  parln  Ie  (O'  and  O  almn' 
transle;  reactions  involvin'.'  <;..o;,v1  a!  a  labor. iloi  y  ion 
OIK'i'i'.v  ef  0.  .3  i : V ,  T|,e  results  are  si'nis.a:  i a  ;l  m 
Table  HI  and  compared  with  previously  ivpoi'f'.'d  dai.l. 
The  first  three  reactions  listed  ir.  lab!"  !li  are  r.so- 
Ihernite,  ,0'.'l  lie  in  "a -nat  ed  ra'e  eoei  i  i.. !ur  tie  -.e 
at  0.3  eV  arc  all  lower  11 i.ivt  the  c ot  i'cs j: ■  h-.-I in.  values 
Obtained  lor  thermal  t.im;  0:  it  is-  the  fi<a.-.  a  ..s  a  .'tciv.luw 
tccheki  ic.  1  n  the  on"  ease  where  eonip.i ris",n  v.u'ii  an 
o;i  r  I  if  i  ion  bean,  cxperiaicnt  :  i>  possible  ji(.r  the  re¬ 
action  U ;((.*();,  O.lCO'.j  tin1  da  a  lieiii  (t-.c  tv.-.*  e " ) . cla¬ 
im  ail--  i  In  (,ui!<:  poo.'!  ay  i  eiaiK'ilt .  The  f  1  *  * 1 1 . :  aflcr. 
(flow  ra'e  ro  .flu'icrd  ri'|.orlt;d  fur  the  teaciion.  tV,  (NO,, 
0-1  NC>3,  ’  prcs'd'.oabty  1  oM'e:  pends  to  lb*  Im  il  dis.ir- 
]iear.*n*'e  rate  rei  fliineiit  for  '.lie  O’,  r*,.u'  i.ml ,  anal  there¬ 
fore  Would  101  bid*'  III,'  r.'.le  1'iietl i*  lent  fin  the  ckvlriui 
I I'.m. . I . •)'  rli  tniii'l,  ( I]  t*'t U.K.-KT,  K  v. .0;  a.-. sumed  m 
tile  cat  tier  sin*!)  lliat  (I,  '  p  ii  lude  tr.laslei'  *'*  .lelior,: 
was  101. re  iir-;  .■>)'!  a  nt ,  ciielraiy  in  the  prc.  eld  rcMills. 
llie  Ian  v*  el  1  u'K'i.i  lor  Ihe  sum  uf  boll,  channels  d.-ler- 
mined  ir,  'he  ptur.eiit  slodv  is  1  ID-1'  mi". 'mole  • 

rule  si  r.  1.1  ly  sin  Idly  haver  Ilian  the  value  obtain'  d  prc  - 
vibtl'dv  a*  add  i;,  In  study ntr.  the  l  e.H'l  n.'ii;-  ju.  l  d,,- 
scri* 'e.l,  it  id.  ,nUI  be  nnl.  .1  dial  III"  n  ai  l  ild  was 
pi'ii. I"ei  I  bv  lb"  ri  arlii'ii  t  )■((  )„  OH):.  As  v.  ill  be  dis¬ 
cussed  lab -r,  bi"  tr  leaetaiil  beam  piasluci'il  Mi  lln., 
m. liiin  r  I-.  p  11  Inllv  in  .in  exi'll:  d  stale,  and  Ibis  n,.r, , 
of  (  011  1  ■  ",  alb  a  I  the  1 1  ailimi  pa!  Its  ob  e;  \  I.  'lb" 

pa  1  1 11  I.  1 1  aiisb  i  1  e.u't  n  m  e  li.oun-l  \a,  Id  :0  -.  Nt  >(  a  -. 

fouivl  '.  '  b"  nf  o.inoi  nupai  I  nice  ier  linlli  lie.  1 1"  N’t), 
and  lb"  MlVtl;  luli'i  .n  i:'iii'.  ir.  It,"  pre:  "id  >'Xpeiai:,ei  ts. 

1  lie  n  1.1 1  u  1  rear* tinii  ill  bud,  casm,  is  e  l:.i  i  pe  I  ran'  Iiu' . 

II,"  Nt  >,  |ii  inlui'"  aer (mid  lor  no  more  li.  m  h  ,  of  tin* 

Ini  ll  I  1  a.  lion  I'l'iu.s  s.'i'lioit  m  e.i'  l.  c.r  1  .  I  li"  excila 
lion  lei  a  i.,,...  obia  1  a -I  Im  die  re.uliua,  Mi'(U„  fiANt!’., 
.lli(t  1  i '  a  )  ,  <  '  .1  i  .1 1"  ai'o  |  mi -sent  1  al  11,  1  IS. .  ■) .  I  l.e  .'ale 
('.a  fl  li  an:  .11'  1  1 1  >  1 1  ■  I  I  -r  llie  O’  CO  an  I  (1','MI  rc- 

ac  1  lolls  a  i  a-  |i!ol  1 1  •  I  is  a  I  iu.i'1  mu  ol  i-,i.  1  ,  ,  10  lip...  b 

an  I  7 .  1  |  i'l  l  u  ,■  I  v  ,  1 1.  a  1  ■,  lee  I'.d  1  ■  eo.  1 1 1 :  | el d  ,  i 

li.' vc  lu  1  ii  1  ■"  1  1 V  *  ,1  1 1  hu!  Ill"  e  p  M  ;  m.  ill .,'  I;,  1  in- a.  111  v 
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cri'M,  sc-clioii  {1 uvmr  l!  «•  iv!  i.U  v’i, 

1,  c -si  -  /90»  olds  fr^m  1  ho  nuMsnrcim'iii;;,  Fir  1,  the  cross  ?  'iinn;; 

Jor  !iicm‘  1': Ov't'sr-os  arc*  rank  snuii,  winch  vcsnlk.  ir 

vlif'n.*  /'  is  i!’c  :  iv  irci  i'S.I  i  -i-i  vrl.sily  ,tt  l!ir  cor-  roilM.Irr.ii-lr  r.c.llli  r  ir.  1 1  it-  i".  j>i '  1‘  i  l  i!  i!  1 1  i  j  i  <  >  I  n  ■  . 
respond  III!.  lal»o  .thu  v  rf.-iy.y  i  •  p  ri.  Tin*  r.ilc  ro-  Sivondlv,  the  thrc'!n>Kts  r\-:iijil  .1  m  ry  ur.uiirii  ;m  ■<  l 
f  1  f 1  ■'  1 0 1  •  t * •  rl'i.i I  111!1  OT  i  O  n  .iriioi:  over  I*  •  ml-  .mil  liirir  is  so  >.•  /  ,  in,  i  i\v! nii'ii  v.  i ' ! :  i  '.-.spri-t  lo  li  r 


cull  l  )  ilcicrnuno  ;:n  iu  .'Ii'  lr;i:i>  !.i!i.m  il  oncir.y  i'niv 


.r  H’ci  ic..l  111  Vi'!,,;ily  ,tt  i!n'  cor.  rOiisi(!ri'.ii-lr  :’.f.il!i  r  ir.  1 1  it-  r\|;r  i‘  i :  f :  >  l  i!  [loini-., 

,  1  i'. -l'l'.y  (•rij-liiye.-i.  1  hr  i  hr  re-  Sivoii'ily,  t-io  Hire1  holds  r\’:iol?  .1  '.  (  ry  rr.uuri!  m:  <  t 

■  (lie  O.l  O  rr.i  'lior  "Vrr  ('  •  ■  i  :i-  .mil  liwiv  is  so  j  ,  in,  i  iv.'l i-.l-'r  ypN  i  '.e-pret  lo  li  .• 
1  1  0\  (r.  is  .  )  >  i  i  n- .  '.In;  (luv.-di  ill  lunrl  11.1..1I  I  'ii.ivior.il  Hu-  r\oil.il  mu  1i.iV  ■,•■).  Still, 

- ‘ - 1  >  1  -i r i'.* ■  i'  (In  iii  ■  mi. r  ill  'li.!:.-  rc.is  ni.ti .lv  ;;,ri,!  I  In  r  ■  Imhi  .>>,!. i  \v.r-  o''l,i  iru  .1  fril‘  Ihr..’, 

Il'i'-d  I|()"|  1  I  -'.ii.  <,\j!"i  1 1  I V- 1 :  l  !i ,  rf  II.!-  fiiur  -I  .11  li.m.  r  -  ( ii  .1 ,  -  I 


Oll.y  JMI1  :r  li|l  111  .-n  "I  1  oV  (c.  i,, .  )  ,imh;-.  :  I-.I  ■  flnv: -ill  ill 
inrlhist  . i r i ■  rmr- i--!r ;. ‘hi -.  l.irr.i-r  (In  in  ■  r.ii.r  n!  'n.!:.- 

hihiilr)  Ih  i.i  l!ir  r-  i .i  ri'.  (I  f  i  dm  1  -‘.n.  <■  s , ? •  ■  i  ii-.ii.-i: l:., 
Ijii1'.  :r.  inn  1  i!.- ir  1 1  iry  .mi  r!  ''v  ir-i  r.  iluv-.n  rr.  llir 
pi1 1  -  II  l  i  r.l  l .!  Ill;"  I  1 .1  (  !  !  »  i  V.  1  l",  |l  1  I '  '  1 1  (1  1 1 .  7  )  .lit'  111 

inner,  iu'llrr  .r-,i  i'-;-i  n!  v.illi  llnv.  ilr.fl  .i.il.i.  '  lm  I  li. 
n*  •  i  ;-.y  r.ir.-.i-  V.  lull  i.-.  i'isii.m.i-.  in  l>r.l.  i-.nih-i  iii.riils. 

1  li-.  •  r.l  h '  r ■.■-•I  I  ii  -  i  i -lit  'or  (in-  i-ii.  I-.  il !  n-  i  iii  1 1  -  |)iii(r.-. 

('(>;.;I  )  ,  Ci;  n  )*f  V. ill  I.i!.-,  Hi.  ,..  |.,r  ,  rr  .1 ! 

(1 .  -i  r  \  t  ii. t - 1  .1 1  /  1  (.i:)  i , .  .1 . .  i  -.  1 1  ii . 

1  Vi"  1 1 . 1 !  I- ■!!  !-i I  -  1 1  - j  .  v.  1  - 1 .  !  ■ ..  ■  (!. ■!  1  1  1  . 111..  ;l  1 11  li-.i- 

p-  -  1  ih  --v  ; v  I  ■  •■■■ill  1-1  h  -i I.  ■  1  : i- 1.-  1 )"  i  r  ip.. I*  1 

rr.i.  1 1 1  nr  \  .1  Mu.'  « >7 .  -v  1  r.i  1  In  l.n  s  m.il.r  it  ihlfi- 


o; .  o,  -o  i  0: 
co:  -  cm-  co.  cr 
no;  .  r>j-  no  '  rr 
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Mo.  C'.  'J*  1  ri r. c r 1 1  1  o i ;'i I  cr.Cl.-.v  il'';>tl: -ci.i-c  o|  l :  r;, :  tool:;i:.  (or  ".  I  ■"  n  uni:  of  S1J"  wilil  O,. 


prcf-oi  1  rosnil:-.  provi-lc  i>r.:ch  :n ■  ;rr-  nr.:K-  b  i1  t  >n  li  - 
thrur1  :■  >’«l  >  th’iii  i!iV.  oh'.a I'tor.  '  v.  nn-iv,  Jrn.ivo:. 

The  ciK-r’.y  tr.rcshoids  determined  In  iro.uinf:  tin*.  -.Lit:., 
as  explain.-.!  •.!}•  >i:Sf;.  !1.  ar.  at: ;m  =  .i ri>:-  t« 

in  Tablr  IV.  Tin.  crrcr  bnnt  ■  spccisi  a  ior  sue-  1 1 1 1  <_ s : i • 
old  Ciiorf.ies  and  ler  l!  ••  vain. o'.  H-.  ■  o\;>nr.e.ni  r  (Mo. 

13)  .ai>  estimatt  d  ! r i » i : i  ill?  of  >•  :j  and  n,  rodjioo- 

tively,  winch  yield  a  p.ood  lit  lo  til*'  l  iiaoni.il  data. 

If  •  he  product:'.  arc  fora-ad  wuh  no  rxfi-s.n  cr-oiafv  at 
threshold,  then  the  threshold  o:ici'".v  in  ! ! : c  c.in.  sys- 


toia  c.'iil.'j  u  ed  »>  cctijti t ion  with  o'.t-.cv  tl'.criiiooi.Mo i 
l.i!  -bn  ..  to  r  •  ••  ji-.r-  ll.t  0.--0*  K>r.d  (iist-wiai'oii  o;j< •••••. ,• 
in  Oj.  it  o.o.  iv.idby  be  r.hovr.  l5i.il  for  tin:  Mineral  1 1.  - 
action, 

M0*»0.-M*0j,  (3' 

tlit  0,-0’  lit.n'i  'iii.oooi.il-.i.i  oatiT.v  is  tai.ii;  d  to  .l.j 
M  -O’  1  •  ill  -social, on  cnoiv.y  and  the  on.  r;;y  litre  .'-1  01 

for  (lit  roani-M  l>v  tlit  ovirt  ion. 


/>p(<VO‘) ;  H;.tM  -  0‘)  -  , r. 


T/UlLl  ill.  CvA?f[u  u  i-’..'.  f  p;- 1 1  K  Jr  t :  .i!’  ft  r  I'fw-l i o : » ;  i • . olvn-i*.  <  \  :  :i  !  t1'.. 


AH  I’listiil  viil.u  s 

(  V1  m'  !»:■'!*.  :.i*c  cpi  p  -.■IivmIi- Mi  ll  » 


Oj c  •*  CO  ■  * C\  1  C’t  -  -  0.  l-l  I  1)» 

;;t  0.  ::  i  V 


)  <  1  0“  * 
at  0.  3  i  V 


,r).  lu 


Ojc<  NO  —  O;  ■»  NOj 


1.  1'  •  lO'” 

;it  o.  8  vV 


Kc\‘  *  o3  •  o  1  no; 


4.  -i**  10'  • 

(».  3  <  V 


1.  S'  1  at 


r.<  >3  + o:  -  *  Co.  *  ( r, 


»  0  *J  >  7  >  lf11 


<  r  ^  It'*  at 
7‘v  r.Cf  i; 


u:  *  o  --  o  •  o; 


•  3.  !«V  lt*'‘ 


1  \.  !;*•■■■ 


1  .  A.  ;•  ‘3  .  «.  t  V  l.  t  t  1«  '  A  . 

t-  :  !'»••.,  :  :  ’■  .  f  ■  ■  I  I  • '  •’•Mil  1  ■  i 1  *  ;  s  i  >,  1  ’If* a  i !  •  1 1 1  i «  ‘  *. 
i  0  v  l\.i  it  i.».i  i)'v.  ),.<•>!  i  |..-l*  !:  •: 
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I.ifsh'ti’,  VV i 1 ,  1  ii-m.iu,  and  1  ri\vi"i'|oi :  Inn  molecule  ic.ir.tinns  ol  ozone 


zid> 


The  values  llins  (le lived,  also  listed  m  Table  iV,  are, 
in  rlfrcl,  lower  limils.  We  eon  uner  the  value  /'".at  )-- 
O")  l.tSiO.  1  e\"  :ibl  tin.  d  li  .1:1,  tin  tin  esl.old  1  '-e  Ive* 
ae'lna  (I'll)  In  lee  1  ee*  imv~l  .u'eni'al1'  nl  il.iU-e  \a.-aea  be* 
cause  the  eoiupu'.er  lit  near  li'.resiinhi  (ie..  6)  i;.  quite 
food  and  l ho  lion:!  dissociation  cr.orqy  //.,( 0-0')  ir,  very 
accurately  ;:i  o.  e.*  Ke.n  :  ion'-  (n't)  and  {?-"  ye  Id  an  Oj 
bend  ills  airianna  eucr".v,  v,  hnh  r,  (wi'lan  the  fairly 
l.irj;i»  error  limit:  )  m  aire.ouen!  with  tlial  o'al.i  ii.ed  fr  'in 
Ke.icUon  (2a).  lloviver.  He  irlion  (2b)  oh.  n  sly  pro* 
{hirer,  one  or  bn'.h  of  the  products  in  elicited  states  at 
till'd s  hold. 

An  altcrnuivo  approach  in  tivatina  the  particle  tr.uis- 
fer  react ■  i  1  ii wu  feerl s -ns  involves  the  npnl icahon 
ol  the  prise  if  h  of  mu  re  .copir  is.  Vi-rsibililv,  winch 
fives,  for  Ihc  post-threshold  e.,  rcy  d;  pcr.  ivr.ce  of 
Clidollici  ni  e.  iiiii-nviitr.i!  i-e.n.  :.mr.  cross  se.i  i.’.iiu,  the 
expressn  n, 

o  -  ME  -  (20) 

Tins  cxp-rcs. aeii  yields  a  ten.jteraUiiv  ilcjici.-.!,  id  rale 
coefficient  o!  I  ho  farm, 

«n^,1iifrs',r1  00) 


Cj  4  NO. 


•  no; 


o  no; 


i  o  ;• 


UJ 

o 

o 


< 

CL 


,1  . 


o; «  NO-  —  no;  ♦  o 


0  no; 


i  —  r- 


o;.co,  -0j.ee.;  •($ 

o;.co*  —  O' « Cv * C0? 


~l - 1  *  ■  •  — l 

lit* 


10 


2 

u; 

o 

u. 

u. 

IJ 
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o 

UI 

V- 

< 

Q- 


U  A’  ' 

u 

l.  S 


10 


-I 
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i  . 1  .  ..1 


»  ;  * 
center  or  i’Af.r  entity,  r/ 

Kh  ..  ii.  it  .li  i  i  ff  ;v-;i  f-’i  U-  n  iicl  .-’ii.i  i  ••  .  ::8tO>.  n: 

;i  i  i.lv  !  : ■  >n  -  i  I  ; ,  C  I.  ■:  ■  l  . .  •  '  •  ,  n  .  f  *  .  «  ‘  1  i  ’  -  ■  >  1  > 

n,  * !-■  I -i  -  i  i,'.' i.i  i  l-'i  -.i  ,  /  i.‘; .  f**i  i \tv  )  .i n;i  r  i  <1  : !  :i  ^1:1  f  : 

A.  uv  1  IN'.  -  - »  r  ♦ t  i  i  i!i  i.. 


0  i  <:  i  4  o' 

COMTEK  OF  f/.ASS  ENERGY  ,  cV 
KJij.  7.  little  <om ; : t'lLni :  fv'i  ii:>  it  (>i«r"  r.:  O*  v  r.i,  NO.  cil 
;•  f'i!>cii':.  of  jvl\l:w  kn.'*lic  tiv_  y ;  U%  i  ,V  ^  -  Iv?'  ‘  0-.; 
0,  Uj  »  N  j.  -  t.),. 


wliere  /:ccSI  is  tla  l.anpwin  oiiUirion.  rate  coefficient . 
However,  our  (  \p'en incn'.a’  da.'.a  eoyid  nut  I,-.'  I  'b’d  p- 
such  a  ll.rcsl  eic!  function.  It  is  ijn : t c  possii.ic-  ibat  ii-.e 
cxnei  oneutal  .  \cii.ilion  functi.'it  ..clu.l’iy  it  ;,  a-  ;s  ui 
many  small  imncave  steps,  Ci.rri'sinia.ii::'.'.  lo  Hq.  (2'a), 
'illicit  are  nnrerolved  and  five  a  resultant  convex  ap- 
jiearan  o.  Tl,i-.  could  lie  liie  case:  i!  r.  iars'.e  re. ruber  of 


T.’.r.l.K  IV.  Tmii'i .  li'V'.il  o;.  .•>  'du  •  a.i'ais  for  1 1 '  v.ri:u. 
p:. i liclo  iiv.nsfi  :  I'lSittn*:--.  MO'  i  O.  ■  -  M  (i)  a:,-.!  w|  boui!  dir- 
’.c»ii  r:iCiy,:i\*'  (!»tci  iipm  to'-;.* 


Nl-l  )'  li:..  1..;  ! 

1  ’  It 

(•;  -i  b  •  c-  j 

t  ».*;  i  :  •  (  .» 


Hint  11. 

tHru- 1  riH  v  liiK 

cNn  ciii’vc  I  ill  in  -  ,\.«  .  :i  1 1 »  !  • .  Ijiis  rise  »•  c*l  jciiv.1  un 

r\ni:ri;.i  i!  si  •  ui  l.it  r  r.i-.si  M-.ii.  I.  -i.!  }  .  v...;,  ol *l.i : it i!  i»y  ;.!:<n  l 

|  il.'.i  1.-:-  1  »  '  ’  i  |»  '»!.:!!  »•  "1  IN'  ;!  i*  I 

*'l  1  I  ■•h.. I  I  I..  .  ■  s  V.  ■  .  I  :  t  r.  i  ’',5 

M.  A  I- IV, 1.  .  I.:.,  i.  .  -,i.\  *.  1 1 . ;  ,  I  .  1 ,  1 :  ; . 

•  C;-  i::.  In  .  0,  1  ,  •»;*.  >:,  .  l  =  \ !  ■ 

-i  M-l-.-r::,  .  I  J  .  ■  1  - !  i  Iw!1.  !.  I  i  |  _  P.ll.i.  St V.  N,.*1. 

l‘.m  .  St. 37,  11-*  .'  1 1  ’ ,  I  .  A.\v’i  -* 7 ; . 
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CROSS  SECTION  (ARBITRARY  UNITS) 


Llf'JlIU,  Vi’n,  Turin.  -..I,  .111.1  1  III  Wlill.ji-I lull- inuiecnlt:  1  v.r.liunS  ol  ipune 


■/;.  i; 


PIG,  H.  Rclntlvc  c loss  suction 
fur  th‘-  i .  r.uiiui.  u:  ■  i  j.  —  o;  ■  u 
as  a  line  n.ju  et  1 1 ,.  i.j.I.P.  u.n  il 
i  .1  )'V  I’nrir'.s  art1  exp.' riinenlal 
(171)  Cl  i tit ;  Uiu  solid  line  js 

11. C  ClIllVi.ll.l.l  l!  ‘InrSt  til"  i  xcl  - 

l.aliou  tuu.-tiui:  anil  the  dashed 
line  lr-  tiic  ;i /.su nivil  tin  e,  held 
function:  ef/  ')  "(I  for  l'.' 

<  't .  lift  u  V ;  elf') 

■-  [(!:■  -  : . < . 7 ! : ’  f  jr  ;  .<; 

-■  /.  '  s.  :i  c  V;  ')  l  IJ  -  J  ') 
3.'.  for  h .  3  •  1.  '  ..  ]3.t’  tV  mill 
n(l:  ’p  o  fur  I.  '  -■  12  cV . 


LABORATORY  ION  C.NT.HGY  .  cV 


ck'Stly- f.)> u  I  il  f  r.:.il  slates  i:  b.u.f;  populated  by  those 
particle  I  Pin:  ft'  i  reaction:,. 

C.  Collision  in  (lucid  dissociation  (CIO)  reactions 

In  ;t  piTliiu in.'i'v  eominiinicalion,  1  v.-r  rt-ct  ntly  rc- 
p-'lTfd  the  n  ill::;  of  collinum  iiir!i;rt':l  dii.sne  laii.in 
(f.'i!/'  (•■■. |V  i  i ■ .  t'ti!-.  v.iiicli  ii.  lien!'.'  lie  I'.ii  iii.itio.i  of  an 
(•yelled  Oj  ion  as  Ilia  pintiu.T  of  the  ciiti •jTt‘  Irursfer  re¬ 
action, 

O' -0,-0  O'*.  (31) 

Tins  (Ai'i'cd  ionic  si  tie  lien  '  O.fcT  cV  above  tin-  I'.i'Ciinti 
rt.de  ( Tht:  labor  n.  aypari'iitly  (.n  ir.t  l  .;  iirtitlticl 
ol  (!•  :■  t  i-.ti  i  vmi, 

OH'  i  O,  -  Oil  ,  O’ ,  (33) 


Vip.uro  10  pro r .  ut:  typical  (:> js.  i  int'-sd.il  remits  for  t'io 
CUD  of  Oj  on  Ar; 

OJ  t  Ar  -  Ot  •  O'  i  Ar,  •  (33) 

liol'C  till.'  OJ  ivn  l.iiil  ii.irt  boon  prepared  by  throe  iliifur - 
<-n!  pi'coosrts.  Ar.  is  evident  from  ti.v  dab;  in  I Tg..  10, 
the  observed  (ID  (lire  i.-.l.;  is  iteju.i.di  nl  upon  b-p 
•source  of  OJ.  The  Invest  tliresiiokl  is  obtained  for  Oj 
pi  o  liu ml  friim  ,t  n.pinre  ol  r.  ()  0.,  where  Reaction 

(31)  prob.ibiv  represents  die  ii.nde  i.f  ion u. it  io.i .  (T  i-e 
O'  is  formed  by  da. ssu-'in In o  i  b-rtron  alia'  hutent  to 
NjO. )  Tiie  li I'l'm -st  iiii  oriuiid  in  for  OJ  prmit'.cfrl  from 
a  niiMm  o  of  il  .O  and  O,,  wh.'i  i-  Kcaa  i mil  (3C:  is  :iie 
r.uich.inistii  ol  production.  A  lliio-Lo’.l  iKenm-iiialu 
between  I  litre  ban  is  i.b:  orvc.l  for  O'  funned  imp.:  a 
mi'lk.rc  of  11.0.'!. ;0  'Oj,  in  winch  Die  ratio  O'-Olf  w.-.s 
(ibrcrveii  to  bo-C.'l .  Table  V  I'Uinr.iari/.t-s  the  (  Ii) 


Li'  .llil.-,  Wii,  livm.iii,  .in.'l  'I  U\villiij::l : 


hill  iikiIl'CmIi:  i'--..": 


i<mi  01 


OtiilU 
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' — , - f - ] - r— ■ 

0"  +  0.  <  A; 


;o  2'r* 
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V 

U) 

VO 

CO 

CO 

o 

<r 

o 


□  O’  (OH'/O^l 
A  O3  (O  /O3) 

O  0J  (O’.OHVOj) 


o 

o 


r.  f*  - 
o 


.0  ,0 


0ri-'nr\,t! 


a"'  orp 

A  '  ’ 

i  .-’k>  ' 

0  1  2 


u  n 
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I  ; 

10.  Ci 

r.i- 

.-i  <•! ioi:  for  1  Ik 

)  (  : 

K-li'in  Oj  1 

Ar 

• '  s*  •  O  J  Ar  :.t> 

f, 

,iii«  t!0:i  f-1! 

l:  t: 

!  i1  (Oi.-i  1 

v;-‘ 

‘J  ;‘.V.  Jv. 

1  i  I|  1.1  :t  1  lint.) 

for 

1;"  pi'xlu 

eft!  ! 

''j  III’  IV.IV* 

till 

()■«()./ 

,>)u: 

;  O.  foi 

0 

]  i fi *1; '  (  ti 

1 

Ip.  IChliAll. 

( ii : 

>-.  Pll)1 

:! f*.:  (X 

i  i 

l^-Jt  11 

■illl 

;  1  r.  1 

1  1  . 1 

'  . 

iVii'C-OinUis  iio  1  ivcil  In  11  f.'ali;i",  tin:  imm.-.uA  si  1  italic:. 
fiii'.i'lu.'iiS  it:  tbo  manna  r  clci-r  rilicd  r-.':  !ir;:'  in  paper. 
Al. o  li.'.lc-vl  .in’  I).  ■  |:n  lo’ ;  /•'(,.  -i  1:  i'I  r  |.  IH} 

which  ciiitc  1  ■•;  -i  nj  I'l.o  l)i-:  nivii.c  r  f ii •*  • 
pcnmcnlsl  ilala.  A:  (  spncn.-.l.  il  i>  ■,ijsri-. i->l  lli.il  tin 
threshold  CIO  al  usciU'.i  (>j  is  1  •  •  i-  li.an  (at  tin 

I  in...:.'  I  si. in:  O',  .c.i.i  1.1  :»<•!(; |! *n .  i|...  .1  i  -  lii.-jiiir 

ft’:*  1‘ir:  former  !<•),.  Wcp.ii.-r,  and  V.':  U- 1' ’ ’  luvc 

JllTVK  lislv  sln.'ln.'  1  I  in-  l’iie!ini  1  i"  I;  i.'ioi  ci'.tli  ;i:n- 
ii::ii:ci.”.l  inn-pair  t-'m.il  inn  in  Si.itlniM  liili.lcr  in 
ti-'  1  , 1 1 ,  and  It.: v i:  ii 11n.  ii  and  lor  .1  .'.cj  ac. 

Of  Slldl  rc.ul  I'liis.  In  Hull'  (•'.  pni'l'iu  ills,  til'.'  d-  pcs.  •.,■•11"? 
nf  .1  on  inlcrn.'l  »■.'<; i*i'.y  was  in',  nsi  1;  ly  varym-  i!n’ 
1'v.n'taiil  : I 1 t ■ ,  ,nvl  !■•.,.  v.-.liw  of  .1  v.'.f.  i'!ivi  '.(.I 
la  ilKTr.i.M'  U  1 1 1'  iiiMi’asu inlni  ii.il  inn’i'r.v.  In  '.in  la'.- 
I c  i'  '.  xjici'inii  iii'-  ii.c  inloni  il  I'M- 1 l.n i. ni  coni. I  •  n i I \  liu  vi- 
lir.ition  it  nr  1  u,,.'l in:i.i!  c'.i  il.il  mu.  in  liic  pi  f*. -> -i;l  case, 
li.n.cvpr,  tin-  I'.'.-.'ii.iii.m  in  O'  1  mi-  I,t  ljuth  Y.i.raiional- 
lul.llloii.il  ant  i  it  if  i_M  I'. .' 1 1- -a.  It  0.  al  u  pal  .  ililn 

Him  tin:  (■wili'il  o'  ) (  prcsi'i'.ls  an  i-oini'ric  si  rue  lure,  as 
pi  ev  iously  di  a  m  cd.  11 

In  In:,  11  v..'  I'.ivc  ri'|)lo!u  ;i  tin' li.il.i  lnr  Ci  I )  0:  •■real' I 
.1  i ■  •  .til  l  i''i"i'cn  O'  cn  Ar  1:1  a  li.ll'  ii  lit  n:  ..,"."1  ,  v/linSi 

IS  Sl'f.t'.l  '  ip,  ill.  1  rVIIH'  ..1  I  It",  |:  i.  III  1  '--I. 

Ill  re,  I  hi:  all  ml :  l  v  _  M,V  I:  I'f'ii  pi  a  i  "-.I  a  . 

.1  lain.'tUM;  in  /-,....  Suns  I ; ■* -  1:  \  ala:  :  ,,i\  in,.  Mu'  1-i  sl 
(it  v.  1.  re  2,0  an!  1  ('I  al  -  I  ■■  V )  .111  .in  rai'i'  ’..line  i  >f  .  On 

w.:  :  in'). 1 1  \v  1  f  l;.’  .  1  I .  Tlii  i- .  Ii.c  1 i'll.-.  ■  i-.l  :  I  \  a  I  • 
Cl".  (1  V  in  -  l't  ■  /  ,,  1  .  '.Ill'  1  - 1  - ; .  1 1 '  1  nf  l:.a;:  '.  1 1  -i'  - 

lai :  ’  11.1 1  \  ,  v.i  i  .'  | il  1  >:!'■.  ■  .1  .  a  |V:i-'  1  i-'n  a  1 1,  '  I  ’la  I 

I'll-  I  I'.V  I  .>!  I  i'.'  i'.l'-i'  I  1  I)"  4 1 ■  I  .  1 '  I  I  I-IMI  !'.:f 

Oil  V(  ) ,  m ..  '  ,  ,  1  1 :  ■ :  1  -  I  y  ;■  1( .  1  .in  I  In  ra  a- 

v'.'.'-ic  Oil-;  1 1  u'  ■ .  nal  1 1  v  (/II,  :>  ill. -.'I,  A  ,  A,,  ■  0.1  ! 

(•V.  1  ’  l  ;il  I  (In  (i.:l  1  111  I !  1 . : .  1 1  .  1 1 :  ■ '  I  .  till'  t  ,'  a  .  l't  Cl 


cr.;' l: !  ! :  1  »>•»;’»* -  lv.‘it!uiut  ilcronviilin.ioni  arc  0I1- 

M-rvi’a  lo  <; n 1 1 .1 ; i oi 1  c  to  the  .••am.'  l li ?<-:-! mi ■  t .  1 .  A  1 

Mnitiivvi',  the  sii'l'C  '.I  t!m  1 1 ! * 1 1 ,  v  lii.’!;  IS  ;  11  .■  1  In  .1'  ' 

is  cnnsHlcrpbl;'  '.;i  c ali-r  111  the  case  of  On'  (.■>:(•  ;'.cl  Male 
r.  .i  ".i;iii  Ilian  for  '.I  ruin'd  rt.iln  rc  n". ion.  II,.  1  tci-u" 
bcin;  .1  0.  a-1 1  1(>‘:’  aid  0.  IfJ-',  •  pr'“  cm'  e\ 

rcrpceiivoly. 

1".  :  ovi  1  al  prcvi  'ii'.ly  reportmi  ir-1  nircs,  '  ii  In.. 

In‘1'11  linfml  I  ha  I  \  .1'1'at  IlHI.ll  (’.  I  '.V  I-  lil'-l (;f  i  (■(.'  1 1  Vi ' 

It. aii  1 1  an  .’.a  1 1 -.v.i. 1 1  cn.' t in  ; . }  ■  ,--it  1  Cl! )  is  a  ". mi.*:. 

'1  In-  1  1  In  vasu  I  n'  CIO  of  111  i-;i  I  In,  '  I  ar  V. ii K  II  a  1  lo 

sin'.'.ia  r  io  ilia!  '.I'.a.  ii  in  I  1,,  11  v..i:  I'l  vK'iiii  .1.  <.  >a a-; 
v:  lit  i.  ■-  2 .  j '  *  an',  a  I  .-.ci  lor  CIO  ni  1 1 . .  1  i  1 1  v> ;  ■  1  . 1  ii  1 .  i  ■.  s 
I  I"  *  CM)  I. 'Mill..,  v.'llii  I'l"'  r-'i  ‘  to  I  111'  ll.'l'.cn!.  a 

of  !!*.(-  .  f.u  Inr  ini  ni'crna:  cir.  o.V.  nry.  1  lo  m.  ili..t  ; 
intern. 1 1  cvrnalion  of  O*  fornic;l  m  inaction  (31)  m  vi- 
l.r. 1l10n.1l  (ra'i'i'.y.  Ilicsn  rc  nll:.  show  li'.al  for  Iv.n  i'i  - 
:n'i.;!i's  l-:ivi  I  In  Minr  lotal  1 1  v,  Iml  ilill'.r.  jn'i 

J'orlioiib  oi  oil.  rn  i!  ami  I;  mala  1  mil  it  ("a  11  ilion,  lia  C 

<■!'(':  s  r  i't  lion  n  c ■ ' n  . i- 1 . •  r.il ) ! V  I  •  r;  iT  for  lino  rcaclaa! 
having  ll.c  I'lOalir  I  ran!  inn  ot  il..  ci'.cir.y  as  in'a'ii  a.i  i-i 
1  1 .  1  i.a  mli  rna-ii  1.1 1.  ■  c  n-’  re  i  1  ii  iv  I  ml.!  a !  •  l .  1 ! :  •  ■  ■ . !  1 ; 

1  C 1 1 )  of  a  m  r.  In  rn  "I  p  la  lit  I  1 a  ’..I  CSC  10"  i  ell!.' 
f  1',  I'., is  M.i.y  t :  .0  ■  .(in-  lo  )■  ail  i.iiiv  1 1  las,-. I  1  >',  vlncl. 

.'.,..1  ij  v.a'ild  0"  11:'  a:  I  -  ni  ’.villi  v  11  1  1 1  a  ini  |i  y  n  sc  n  io  ('" 

A-.  alnsi  'v  (lisi  ic  :a  il,  tlm  inauir  rcacli  all  cluinn  I  in 
I  la  ( 1 .  '  CO  ill!  nr  n  l  ion  1 1  lav  n; rn.ii'  1  1  pa  rl  nlc  I  isi  n 
!.  1  .  Al  I  in-ri.ii'..  n.a  ainl  lean  1  .-V  (■' .  In  .  )  Ii  ■  •  vm  , 

I!-.’  rca -Ii..,.  ,  !  I),  pro  iui'i  .1  vi  i  i.iv.  (ill  !  villi  C  l)_ 

al'  '  S  1 ' -  all  O'  pridii.  1.  Ii.  II.'.  0,  \.-n  li-tv.:  | -1 .! .1:  i! 
I'm  r.  1 1’  1  a.  1 1 1.  1  on  ..  I .  |  a  a,!  a  Imn  o'.  11'  Iron.  I  !i  1  ■- 

ad  I, .’a, 

(.1 


( i\  i  CO  -  (r  ,0.  .;’i).. 


I  ii-.hn/,  Wtf,  i  leii.aii,  ami  !  •  iwilliii-.-i :  lun  moii'ciilf  teaetiuns  o!  O/une  Cj9 


directly  exc i loci  to  its  vibrational  conliiiuniii  or  to  r!e— 
conipo.silhin  u!  CO'.,  Minch  lias  been  fnnne-i  by  an  ira- 
ti  il  parlieU.'  Irans!'  r,  in  an  t.'nrr;’.y  stale  an  .ve  it:  < I i ■ . - 
SOI.  ml  ion  luiiit.  It  iua\  be  tinted,  h  >-.  e\  i-r,  lint  the 
cxtitalinll  iunctions  fur  tin'  O'/Ar  ami  O'/CO,  re  u’tmns 
yielding  O'  tnnle  similar  unit  the  i:  values  rciinireil 
to  fit  both  processes  am  in  tin.-  raiva-  iip'u-.il  of  ilinct 
CID  i  uaCtioiio,  :l  ' 1  I’.ann.ly  1.9  '  i."  1! .  2 .  Tins  rair.j'.cals 
Unit  Itcar.tion  (3-1)  is  m  b  ei!  a  direct  CIO  jirovvss. 

The-  threshold  data  fur  CIO  nl  tin  O'  species  which  is 
prt oumal >1  v  ill  tin  u  round  stale  [that  forn-.r-li  front  He¬ 
art  id!)  (33)|  yields  a  IkuhI  ciissocint ioa  ciu-ruy  /C( O^-O), 
-  1.  GOiO.OC-  cV.  The  O',  bond  dissociation  enenty  is 
ivJnb.  ;l  to  tin-  0.  t-li-i  Iron  aftniitv  b.  tia-  rclul  uui, 

L.  A,  i.Oj)  r-  liii, O.-O'i  •  1,.  A.  (O)  -  liy  )  ():,  (3a) 

and  by  insert  ill:',  tins  value  ni  />,,( 0.-0'),  alur.a  v.  illl  thv 
(Alter  I  her  mni  hcn:  teal  ilata,  I'..  A.  (O’:  .  1. -It',3  cV,  *'  and 
;.|^C)..  0)  -  1.03  t-v,  a  value  ..!  K./..  tO  )  -2.21  0.1 
C\’  is  ebtained.  The,  value  is  entinlv  c-eiisi-l.-nl  with 
Hit  lower  limit  for  D.  A,  lO  )  derived  Innii  o:u!::l:.e;  am- 
chnr-a.e  transfer  c-spcrm'.onls,  r.s  well  as  v.ith  the  limits 
for  K.  A.  (CJ;)  t. staid i-d-.ti!  hv  the  ijl'servalien  of  various 
exothermic  tharr.e  transfer  .  ■  ■:'.<•  t  it  ns  a!  b.v.  t-ner-.e, 

both  if  V.-Iiitb  Ml  ie  do  ,  •  e:. slier.  Y.th«r:,  I  .r  l t.e 

Oj  bond  di.-siitiaiiim  i-norr.i  and  tin-  f-b-itnai  ;.!f’:ii'.-,  i-i 
03  obi. lined  in  tbt  present  and  other  pri  viuusly  r»  1  ui-ted 
invest  j-'at  n »* 1 1-  :■)•>•  sunm.a  ri/ed  in  Table  VI. 
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Excitation  Functions  of  Slow  Erolon  Transfer 
Re  actions  Involving  Negative  Ions 
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Abstract:  lixcilnlion  functions  were  dcUTioii-.-d  for  a  series  of  slow  pinion  ,'ci.l  dent  -roll  uei’sfe’r  uvclioi.s  invotvinp  tic.ulive 
ion  ’■  i."  iiv*  i'  la  .’idem  mass  spec  I  remits  r  Son.’.-  of  i  he  re.  i  iims  oIkstv  to.  Iw  e\."i;'le.  is  I  )■'  f  I).  *  I  > "  l  S' I ) esluhn  n  nils- 
l.ilional  imrea  thri'.lrolilv,  even  lin.iiph  i!:n  tire  exothermic.  Other  rc.nTiaus.  suOi  as  (  HiCt.K  I1-"  a  CUiCOCDi  ♦ 
CH.|(  <H  ll;l)  H-  CIM Ot  0;' ,  i  \!  il'ii  •. er: j  !e\  I rncueo.i!  ■  ;-.-t  . nde 1 1 .e  .1  the  .  i u«  seeli’ m  t  p  r.  i  ci  no  s’  1 1 nndnl io  „■.!  eeer- 
py.  wine!:  in  nun  is  imilc  'iioiloc  l..  the  ml  sin.il  i  uci  i'v  i  I  ilu  m  nn.d  re  Klara,  k.  is  s.-sttn'ini-.  m  i.  nn  nc.l  iw  i i c  my  n'.iv  e 
ion  reaelioi.s  in  tl.c  |>r.  s.-nt  eo  m  mm  .ne  eo:  ir.n  ed  wliii  :t i’..i !•  >.••1:1-.  c!::la  at ;  -  !v  re]  i.rlL.I  !,::  li.ei em  rpy  ren,  •  : l . 

'I  lie  translational  tnerpy  llu  c'hulils  ol.se  1  •  eh  lor  several  of  tile  is'isTn ms  aie  eun-'sie'il  w  r' Is  '.lie  I'i-.o  ul  p.-n-mini  coe.  es 
’’.Trier  in  l lie  reielio'i  ci.--rdin.ili'  Ivlwcen  liie  1c.i1T.1ntv  ami  proli'iis.  l!  0  dsTiien-'irnlid  li  .it  the  deconvci.iird  era'll, ition 
funv  lion  for  liie  N IV'  I)  ’  reaelior.  is  id  I  iie  for  111  n  ■■■  I  /.Ki  —  as  re  aiire‘1  l-y  ilicoi  y .  an!  1  lie.  I  1  he  1. mishit ion.i I  en¬ 

ergy  threshold  suricspoiKts  to  the  Arihei.n: .  ,:etnalior.  cnerpy  for  tins  process. 


Amort;'  tlic  tnnnv  ims-phase  inn  ■neutral  react  ions  wliioli 
nnve  boon  studied.  proton  iinu-i'cr  pro  vsecs  hnu  perhaps  been 
the  subject  t’l  puniest  inletc  1  rn  fill  is .  mvin:1  i ::  pels  to  their 
inipori.tr, t  role  in  solution  chemist:  e.1  Much  of  the  recent 
research  has  been  eoneet  nei!  w  ith  prot  on  traiistcr  to  nePative 
ions,  anil  has  focused  on  I  he  dttcrn’.innii.'.".  of  rale  coefficients 
for  thermal  cmc.s-.y  react  viis.  ami  the  .ipphcalioii  oi  such  data 
in  constructing  tv-s-phase  acidity  anti  hnsicitv  scales.'  While 
the  rotes,  foi  mans  ul  these  1  tactions  tie  !y  pica  I  ol  th  'sc  iisitnlly 
observed  for  exothermic  01  I hernioiieuii  a!  ic.istions.  several 
inlerestinr  exceptions  have  been  oiisei  veil.  I n  pm  1  ie.  11 1  a:. tcr- 
lain  exothermic  proton  trails!,.;  reactions  oi  imidc  kiiis'-'  and 
ol  larpei  d.loi  a.  Ii/ed  lie:'.:  live  10:1s'  li.tv  e  been  Ion  ml  io  lie  re¬ 
markable  Slav. .  I  liese  observations  pi  mil  pled  nine  tentative 
conclusions  with  respect  to  the  dynamics  ol  slow  proton 
transfer  icnitiiais  ul  nepativ  e  .oils. ' ''  Such  conclusions,  based 
solely  on  the  mupuliu'c  ol  rate  Ci'-  iiieiciils  measured  at  a 
sinplc  temp,  rat  ate,  e.im.ot  .  a  mat  so  pi .  ■■■  ule  a  ii."  1 tiled  pielm  e 
of  the  reaction  ilvn.unics.  since  :i  low  i.ilc  co.ineieiit  to:  .1 
pa  r  lieu  la  r  p,  oion  1  ri  an  -let  u  a.cliou  <>l  ibis  1  \  pe  eonhl  he  e\- 
pl. lined  In  e:lnei  on  .tcli'a!  eii’.iev  haiiiei  1.1s  has  Iven 
Mipresled  lor  the  amide  i"u  it mi-.'Ia';  it  he  a  low  enli.en 
fttel.u  (as  sui’i’cMcd  loi  the  lieio.  ,.!■  /e.i  m  i  iiive  ion  icae- 

i  !f  1 ‘in  II.  I|-  --!««  l  *s  1  ■  -s  v  1  .il ,  nf  It  1 .  1  *  7 1  .  I l)  ’l-  I  "i  ‘ . 


lions'  ).  Oln  isHisly,  in  sonte  cases,  hath  taelors  mirht  he  op-er- 

ative. 

Owinr  ta  the  iiinila.tions  of  rate  vl.it. 1  which  were  lost  dis- 
eitsse  ).  ineieasina  interest  has  de-. eloped  in  tne  deiet  niiiution 
of  Iran-  laliv'ti  \l  enerrs  depentleuees  ul  react i' e  r  salt .1  ini-  ero.s 
sections  (se.cttlled  “excitation  lime!  ions")  as  a  pioly  of  reac¬ 
tion  dynamics.-'-'  Such  data  can  provide  coiisidci.iblc  ii.lnr- 
nu.ion  with  ii  -pact  to  enerpy  hatti.  :  .  '  r  icacti;-..  a!  inl.’resl . 
I  Ins  is  well  i!!iistiolc;l  by  invcslnulioris  ul  tlu  thiee  closely 
1  cl. tied  pn'ces’-es. 
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in  the  reaction  coordinate  between  the  reactant  mul  product 
species.1  •* 

In  the  present  study,  w c  have  dele:  minid  excitation  func¬ 
tions  for  several  lhcmmiieutr.il  and  exothermic  ptobm  transfer 
reactions  o!  ncpaiuc  ions,  lor  which  thermal  rale  data  have 
been  previously  repoiicd.  It  was  expected  that  liicvc  mea¬ 
surements  would  pi»H ide  additional  insight  into  the  dynamics 
of  these  gas-pluse  processes. 

Kx  |u-ri  mental  Section 

Materials.  I  lie  vhcinic.ds  tiltli/cd  in  thD  work  were  obi. anvil  Ironi 
commercial  sources,  ;»mi  woe  used  without  Further  punlu -linm. 
Acetone  </*.  (V*>  !))  w.:\  «ihl:iiiK*d  from  Stnliler  hotope  (lie  mica  Is 

while  I  ID  1)1  and  M)\  (W».  D)  woe  supplied  by  Merck  Simp 
and  Duhinc  of  Canada.  Ltd. 

Instrumentation.  An  in-line  tandem  mass  sped  minder,  previnudy 
described. ! '  v'.n  uhii/«  d  lor  these  sluC1,  s  Bi  icily,  ii  is  a  Iwuh-vo'Imim 
chamber  app  ir.uu-*  w  hich  provide*.  m  *.\s  •»nai>'.,>  nl  the  pri*duel  i& •n-*. 

1  he  collection  a  i ye  is  J:\ed  al  1*°  ( LAB)  >e;iu  nr.;*,  aayle.  t  lie  pm 
jediie  ion  is  forme  J  in  llv  electron  ini|>.:».l  ton  source  o>  II.;  I  no  M.o*  c 
mass  sjiectrtvueief.  which  jvim luces .»  i.u-**  ami  enji  pv  rcM'.'.'.  cd  Iv.un 
1  !us  Kim  is  then  ilescLraicd  in  a  rel.iTiln  ••  !m>  and  it*.*  ac  led  upon 
the  target  pas  u;  ihe  Iivid-lieC  c.»!:*m.«{i  eliamivr  m  isu  oneii  at  a 
CuttM.ihl  icmp-Mlnie  oiuj  p.csa.lc  the  cn* ':vy  j  rcatB’l  the  pi  wHl: 
ion  beam  entcriu.1  the  u-iiMon  cell  i*  ■» 11  '  cV  t  I  AID  o'er  live  »rs 
energy  range  O  ’  to  about  I i’V  tl.  Alb.  C  >>!(ssui:i  chamber  tem¬ 
per. i!i:rv*  and  p: ;sM:i  ts  employ  cv!  range  fmin  ?U  to  I’lV'C  ,n:  i  imm 
5  X  !0' '  U>  20  X  It)-’  I  »•:  r.  respc- lively  I  *r.  .*1 »».  i  mi"  uv  hU"  .;ii- 
aly/val  in  the  sccmd  gc  ma>>  sjw.ruim.'vi  I'uKc  v»-ii i»« i i-i*  let i: 
nijues  ,:iv  useii  :s:nc  Hu*  }••.!.:•.  I  i « »■ .  ci:.  1 1  at. 

IViparatiiiu  of  P.caeta.t  hi»v  Kc.-ii.nt  nm\  aic  pu-luccd  )»y  *'  i  %  - 
soei.ihvc  electron  ..tl/i  l.r.ie'il  umj  y.  app: opri.a.*  source  in.. \.\>  lies,  .is 
diM.iibed  previously,*'  or  bv  ion  molecule  react'. >fis  ccC'i'  f . i;i*  m  d  c 
fitsl-vt.ipc  ion  source.  I)  ..ad  Nl)-"  u»i;.>  were  Inrmol  by  «t i-  v  cu  i/.c 
tU'clron  c.ipUac  to  M)i.  Typical  cuircnU  of  these  sons  oku.u’.ctl  in 
tl.C  laudem  in.;  >  sg.Ci.n-cicr  m  re  I X  It*"*1  and  I  >  X  hi"  1,1 
rcvjxrc'l i\i.*l \  Organic  nceilive  i"fiswcic  produced  In  pr.-mn  irarvOer 
from  selected  ;n-»;ccuh'  to  O  ' .  I  »?r  example.  :•  mixture  ol  \  ;C )  iwaien 
fc-rra-vO"  b>  il:s'...mli.e  el*.eln'H  iMplirn't  and  .••;etime  t\.is  v  iij  l.wcd 
to  produce  C  ll.C'tU  )  -  C  1 1 2  (/•;.!•  .'?*  via  the  wel'd.imwn  (-iii'.on 
tiaM'ler  rv.iCc.oii  i:.*;n  av»t>Mic  t»*D  1/1 

rolUet'.oM  I  ffi-cit mi y.  Severa!  expernnciMx  weir  coiuh.cicd  tn  an 
cfl  irt  to  assess  tiiw  iloeree  to  which  the  t.ollevl ioa  cliicauiey  t *1  l ! * c* 
product  ions  varies  with  nuidcnt  ion  cnciyy  in  tin;  reaeo*  :»'  ‘Hub.  .1 

l. ere  Such  s .; ri:*. I i  si»s  e*»tild  be  the  result  of  itKicascd  finno -lauin 
tic.nsfcr  at  htylter  \el*\*on*s  and  tank!  scfamsly  aftect  tiu-  sh. ol 
I  he  rat  .isf.reii  c\cit.'.H,»i'  lime turns.  I  lie  lvslu*n|tic  used  t‘\  us  t-*esii- 

m. iie  the  in; pari. mu.  ■  *:eh  rl'V:*.  mvi*'-.  c-  the  nUMsuremcrd  »«i  "ion 
he. on  piol'ik-s".  and  has  been  described  pri  »:oii--l)  1  *'  Tin*  a^yular 
(Increciwe  ol  the  pi  -shul  tie  am  as  m  vstl ,  from  live  co!h>'**n  v  l'.iini'oi 
is  cs'.iin.ited  by  apply  n.:*  ;•  lateral  lieM  a .  i«*  ■  tw o  split  'ocn-i:  elec¬ 
trodes  iivimeuialcSy  vihmmo  the  clumlvi  I  be  pr«*»Jiut  h*u  be-on  van 
thus  be  swcpi  acr*w-  i|„-  e.  llcvt'U  sbt  ;,iuj  an  ..r.giilar  pudilc  I'b.j.uneil. 
Mi-.Oiu  u iv n is  of  t!»: * c  indie.,,.  ,«i  it* .:  iKie  is  m  r\  link-  \..is  ro«*a 
ir,  ih;  device  ul  U»r w .  ■  .1  sv  itlcrn  ;■  ol  tl.r  -:o.li:it  II  no;  o!  lecchon 
Kisli-  -  inudent  D“  i>  .umimj'v  isv.uicil  li  ilitjs  appears  t  i ; .  *  *  even  if 
a  nuvh  iiitsin  -an li  ‘ .p.eiatiu  sir ip|*in;.,*‘  sets  in  as  the  u.v ident 
ioii  er.ei  (  >  o  increased,  ll.is  d«  ;s  imi  .•!!  .w!  live  produei  no*.  \\l:i.  !i  in 
this  v  ise  |  ristiin  |bi\  series  a .  1 1  e  ‘  sp.v  ;.-U*r  ‘.  to  wliii  b  \c:>  h'.ilc 
iii'-iiiv'  n  t  u  m  is  1 1  a  iisK  :  i  v'd  lib;  t  -,  ;-cti.'s.  l-v*;;»j'  li*  \!iipp;i"*)  Me  be¬ 
lieve  liici  ;!.*!.•  that .  .•l,.,,-  .ipli  I  he  '■'»  **:id  >lai'c  an.:b.  'et  ol  l!-e  e  line 

I. mdein  c*  !Sv.  ts  In*:. •  ..rdy  a  iiiui'Cii  .in*  U  in  :b«*  h’loaul  natlvivd 
product  i< ill  b;.:in,  tbe  1 1 .■  v  tmn  ;■!  pi**duvl  mils  c*d'u\  U a!  !.*«  t!ie  iva.c- 
r.o:*s  studied  bcic  is  relatively  i:  dcpendonl  nl  incident  ion  ecerp’. 
li.Ms.  the  ii.ca-.m  od  ew U.’.l inn  !,,m  l!.»*?s  I <>r  ivp  -tivc  u  n  piolnn 

I I . i i : > f i* i  le.won1;-.  i .  |  u»i  in  the  p  ■•en!  'uds  ds  *nM  iml  b;  *cn.-s  ly 

di  '.a i  l  v  d  "  V  idlv  V  * ..  .  ; _  Iv  iii  V  V  I  ,  »1  It  1|*-. 

]  l  ilvl  I  n-.ilniriil.  I  In1  p.  hI Ik  1  tvv  vi'iulaO  )  ion  n-.ieii  0  \  /  I  >  .  .)  is 
iviuMtul  l"  h;  «  b  !  ,'iri!  apj'..::  ,!t  Vi-v.  ?.ei  Ison,  n  tnp  t!-  fi  !i- 
li  ud’* 

n .!  i /  ...)  -  (  | IM  /,d/  t-li 

where  /  -  { /  -  t  i  -  (!»»  ia  oy  to:i  *■  :v  n  1  \ .  I  is  the  unruu  1  te  n  I  nU 
ioiUi'C'py  !  it  I T.  v  l.d'  »;  .-.lot  y  ii.vre.e.  /’,  i  .  Hu  laipvt  j  a  -  p.r.aia  .  and 


C  i .  a  tor, version  lacUu  .  C  is  tic  ter  mined  ,:l  ~  0  U’V  usinp  i  he 

prei  i-iiislv  uj*oi toil  er,v's  sectioned  fi.t  A-  :md  ibe  punl'iel  ivut  inii-u-aiy 
rtbscivcd  in  ll?c  pre'cnt  study  for  the  cb.aii’e  tiansler  reaction 
()  ( \( )  .,Oi\();  I’ ale  cv-ellicionts  rcpi'-rted  in  this  study  vme 
del  n  «;d  1 1  am  (lie  e\pcr  r.neidally  in.:. ‘.Mired  t  roe,  seel mns.  a'  iisjiii' 
the  re‘l  oion  k  —  n\r.’  r.  uiice  i  is  the  avci.n'e  im  idcrU  ion  velocity 
al  the  la1,  oraie-ry  er.Cipy  ni:ii/ed 

I  b.c  absniulc  era's  sccti- a,  ,i(  /  |i;!)  and  its  dependent c  upon  the  true 
relative  enerp*  ol  the  ionic  and  neutral  rcacuints  tan  in  principle  be 
deduced  lie  m  the  o.pet  nr cola  1 1  y  olo  erv  ed  di  pcii.L  nee  i>f  o'!  r  [I  , .) 
on  the  nominal  ion  laboratory  eiieipv  1  lie  espvnnientaliy  obtained 
excitation  function  ddicrs  from  ilic  .:h>oli.te  limction  owmo.  to  two 
lactors:  (I)  the  iranshaional  cncrpy  dismbution  of  the  incident  inn 
beam,  and  (2)  the  ’d'eril'.;!  (Doppler)  velocity  ciisi ributiiui  of  live 
neutral  t.irpci.  The  sccmul  ‘actor  (which  rc.’dis  in  Doppler  broad¬ 
ening)  i  - ol  particular  impo'.l.mce  for  the  case  inwlncli  ijc.ivy  projectile: 
ions  ore  inip.tc'.cd  on  light  uirgcts.  The  manner  in  which  the  absolute 
excitation  functions  are  deduced  fiom  cxpcniviCnMlIy  observed 
function*,  jus  been  described  in  dclad  previously.''-** 

lUsults  amt  f  )iscussi(iu 

I.  IV  Reactions.  Table  I  lists  the  rate  coefficients  deter¬ 
mined  in  tlie  present  study  lor  sevcr.il  jvoton  iran  -fcr  r i:;\cr i .mis 
to  I )"  ,  ;:i  a  rc.'A  taiU  ion  lf.t:tsl;;ltoii;,d  C ac i  n|  U. 3  cV  ( I .  \U). 
No  pi cvioi!sl\  reported  d.iia  with  winch  tiioc  values  can  be 
direct!)  ». omjvarcd  ts  c.vaibble.  Paulson''  li.ts  reported  a  value 
of  /.  -  1>  X  1 0“  1,1  cniVniolecule-s  al  /.*,,*.,  =  0.6  cN’  lor  the 
IV  /  !)'()  pivilon  lean -.ft*  i  reaction,  an  isotopic  variant  ol  the 
1 )~ ./I  I  O  ic.ictinn  :*mil:-j«J  here.  ‘1  Ik  reactions  ul  l)“  with  1  DO, 

1 IO.  C  y 1 1  y.  1 1  S,  aid  (  1 1  .Ol  1  a r c  cdwciud  in  bo  wry  l.ni  ton 
ll;o  order  uf  pas  kip.ctic  collision  rates  j.  1  h.exe  rc.tctioits.  .is 
sIkins  i;  in  Table  1.  ate  ;:li  exothermic;  Dual  is,  1 1  »c  neutral  mol¬ 
ecules  arc  xitonpcr  acids  in  the  pas  phase  than  is  |  U).*‘l—  V' 
Ikunsshi  ct  nh>  detenraned  rale  cod l iCK-nts  for  a  smics  of 
proton  li.-.m.fci  reaetioits  m\ol\ing  both  positive  and  negative 
ions,  and  their  result-,  indicate  that  the  experimental  rale 
cod' Ti denis  arc  pcnei ally  larger  than  tin-  Lanpevm  rales  hv  a 
factor  ol  3  or  4,  in  the  case  ol  those  rcca  lions  which  ;rc  i » i ; ; ; ,  1  \ 
exothermic  (>30  heal /mol).  This  is  not  surprising,  since  thc>v 
reactions  iin«dved  polar  molecules,  and  the  pennanvnl  dip  de 
moments  of  the  hitler  lead,  K>  increased  reaciivitv.  On  li tc  other 
hand,  several  proton  irnnMer  reactions  from  polar  ino]vc|i,.*» 

nee. line  u>,a>whidi  .-.:eoii!>  shgliil)  exn'dienuie  (inelading 
the  I  D  1 1.0  i eas  lion)  wcie  found  to  h;t\c  experiincnta!  la.ie 
cool Ticients  which  evaeed  the  1  angcvin  rate  by  «i  smaller  f.-eio; 
Below  ski  el  noted  that  this  reduced  probability  for  sliaiil  iv 
exotlui  mic  proton  tia.nslcr  reactions  mipln  be  a  eonsei|iienee 
ol  the  icaetion  mecl*. ••.ni-m.  o:  alb-m.aiuly.  l-.-ii!v!  rest;!!  from 
a  small  activation  enei ay  barrier.  I  he  e\'.:i.0ion  i unetion  oe* 
lei  mined  in  the  pi  cm-ui  study  lor  the  anclogous  1)  '  / 1 1  *()  re¬ 
action  (and  the olhei  lad  aeratiseion  proloii  Uatisfcr  pi«..s:r-,es 
memi-'Ped  above)  give  no  indications  of  env-rv  Dtrvshuld »  Ki 
these  poxv .  -e>.  and  iherclorc  any  aetiv  alii-:t  b.irriets  Ini  ;1icm* 
j)r<.»ecvs'-s  imiinI  be  smaller  than  the  lower  limn  of  the  ion 
liniislahonal  energv  atlauiahle  in  our  apparatus  (ML3  i*V. 
LAID. 

In  die  studies  diswti-sed  above,  HeUmsld  el  al  found  that 
(he  c'.pciiraem.d  rale’s  'cflkients  lot  hig'r.A  ex.n!;ern-  e  pinion 
Ir.iiislcr  i  co  ci  mu  >  mv»»ls  i  nr  p«»lar  nu‘!c«.uh  .  were  ii>  bvl'  r 
agiecii.enl  wi;h  the  v aiiu  *.  eah  tihocil  iis.ng.  the  ADOtlu-my 
llia.n  w  all  the  I  aiivcvm  i  ales.  As  can  i-e  .;cn  from  the  data  in 

I  able  1.  ill's  d:»es  n«>t  seem  to  be  the  ea-.e  for  1 1 *c  negaim-  inn 
pol.ir  iitoleeiih  icaetmi.s  studied  here 

U:.te  •  i>cl  I  mu  nls  f-’i  1 1 i.,.i,1iui,,mi|  D  v,  i'h  ID.  \l  D,  and 
Nl) ;  a.se  a  No  show  n  in  I  .■ide  I.  and  ate  :  ven  (u  iv  rath  r  small 
in  v. m.ip.i : i *.i*n  witli  I ■ : i * . r  i.»r  ll-.c  tec.i  turns  |iist  di,eusscil  In 

additi.'--.  tl.e  ex*  Mat mn  lur..  i nu*s  jnr  the  rc.»clmjr,  t»l  |)“  vwlh 

II  -,  N  I  !  .  Ik  I  N  1  )  i  I  :■  1 1  mi  ini  t  m  xl‘d»i 1  1 1  .i 1 1  *- 1 . 1 1  u  ill.:  I  eiu*  i  g  v 
Ih-Lsln'ids.  w  In  v  li  a  iv  m*K  mvool  aeln  .;t*oa  l*.n  1 1  c  ■  s  l**i  tliC'C 
pi  ov ;  sv.  s  1  Ip  li  T  c*  I  shnws  liic  cxv  itatmn  IniK  t»on  nn'aMirvd  loi 
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reaction  3  (not  cmtciUM  for  ion  ti;msliilioit:il  cncipv  spread 
and  I  >i<|’;>lcr  llievcie  ni'-.  .Mi' iii  j-.-ii.-i.il  .ij'ri-o- 

lilv'ltl  "till  I’.iiii  ■  'll'-,  il.il.r’  11  .Hiii  : I.L  i',;-ivl.:l!.!i,  .  fiein 
tin 'i*i  '  u  Imli  v  ili-.  i". i-il  r  'i  her.  1 1,,  i  ,iio  nv ;ia  ii'tii'. 
f* M  1  lie  I )  /  N  1  I  ,  ill1' I  P  /  \  I  )  ■,  f  c.i.  I  i.'ii .  (  I  ,i  Me  I  )  ;:ri*  sum.  - 
"  li.it  l.irrer  lli.in  lh.il  ilclei  i.uiu  il  In  llnliiin-  el  .1 1  1  lur  I  lie 
.1  il.i  It1!'.'..  •  I  I’  /  N  1 1  ,  1  v.i, !  mu  ( /,  -  -  (1.(111-/  X  1 0  "  ii'i '/  iiHile- 
1 11  los I  II  ,‘e.iu  >e  1  In*  lii'l  s  1.1  :'e  .  'I  . ! .  1  ■.  luli-.ii  m  m  '.jieel  1  on). 
elei  in  li:e  |'i  in  nl  sil,  "hi  1 1.  11  ill-.- .  1  ml  lt.iir.iiul  II  I'T.n.  «e 
e.liiii.’l  i'"i  .'!l.  . vie v  1  I  ille;  !e.  .  li  n  In  .ms  1  1 liie  i.'ie 
Cn.'l  Hi  1.11:  1!.  lei  iiin,.'.!  I.eie  .•,(  .111  nn  ;•  l.n !  j.>n  iT.i  r-  \  ,.|  •-  (I  t 

1 A  1 1  : s.  I ! .  n . m . j'-.i : I mill  lir 1 .1  i:i.m  .me.!  .i-  ilvf m  il 
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mu  (lie  entile  eiu  i  f>  r.mj-e  ex.iiiiineil  ( -  (1  I  .' -I  e\  .  m  (lit 


eenler  of  nuns  ;.\:.ieiii).  I  !iis  belno  inr  i.-  i|iii!e  sinnl.if  In  (li 
xiliitli  we  li.ivc  pietin'.isK  nlv.eree-.l  in  1  lie  e.ise  of  l)"/SI  ,. 
eleecon  irmisli  i  rencinm.  7  In  both  oi  these  cases,  a 'ip. Id  in- 

tiuenl  n'li  1  s  niip.ieleii  oil  ii  lie. iv  v  Impel  iiHneeii'e,  .11111  ihe 
tv|ieriiiienlal  eneips  H-'oiiilinn  :n  ( ;IC  Inlv.ir.itoi y  v\s!-."n  n 
api'1  iiMi.i.ilel  v  llit  -  .  me  -is  lii. 1 1  in  1  lie  1  tiller  of  lil.n.v  >\  s1  e,n 
I  lie  1 1  solution  iiii.iin.ilile  ( :I:(M  e’v)  i .  of  the  .same  on  lei  of 
lnaj-.i.itii'lf  as  the  li  .1  i:.!;it  loi'.ti  I  eneipv  tincslielil  for  I  In: 
I)  /  N  1 1 ,  it'.itliofi,  .in  J  il  i >  I lun  1  ..tin  1  ilil  I ienll  In  obi  1.11  an 
aeturale  value  for  ihi  .  ilire-lioltl.  I  lie  (inference  111  die  mle 
Coe!  licit  ills  fo:  ihel)  /Nlliaiull)  .  Nl'i  re.itUoiu,  wliui, 
ai c  lislcvJ  in  I  able  I  n  |uesuni,il)K  i'lmealive o!  I.inelie  isotope 
cfleeis 

2.  Ml."  anil  N 1 1 7  Kiaelinns.  Kale  toeflieienls  lor  amide 
ion  leaelions  will:  II,  III ),  and  |J. ore  also  p: ever, led  in  I  . 

I.  Av  for  die  I) '  le.ivlioilv  v.illi  am".,  .o.i.i,  i:il.:i e-.linj-  Kir. e! if 
isoloj-e  eliivts  are  nl'v.-i  vrii.  Ilotli  die  fi  rwa.iil  ami  reverse  si.-p. 
of  die  reatlmn 

Ml;  -I  II:  .  •  11  I  Ml,  (5) 

were  siudied  in  eoiivldei.d'le  detail  lo  II. dune  and  to-vvorl.- 
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l.ijsliit II  I/,  lii'iiiiin  j  I  u  itiilin/i  I  n/ii  linns  />/  I’rulnn  t  ransfer  !‘itu  imin 


reaction  fi,  eq  H-l  I . 

I  ~  At/m'iK  —  *-7v  /  III  Acq  (X) 

A//n.„, 0+  f"  X  -iC.,a7  (9) 

•.'ll 

A//°o  ~  i:A(NII,)  -  i;A(D)  +  D)  -  /V.dNIU  II) 

(10) 

^V  =  .V%(l)-)  +  .S%(MI,l 

-.Vc2v»(N!I;_)-.V  ?i»(II!>)  (ID 

Using  the  appropriate  I' mil  dissociation  energies,  election 
affinities,  and  standard  vul t < •pies'-'  Inr  the  species  involved  in 
llicse  reactions,  one  obtains  the  equilibrium  constants  A',,,  /. 
=  0.X2  and  Ac,,  ;  I  41  at  ?9S  K.  (  (  lie  ealcunll.-d  proton  af¬ 
finity  ol  |3".  199. K  kcil/m-4,  is  O.li  I  l I .  i it. 4  In-.-!  ,  r  than  1 1 i.i  1 
for  II.)  I  lie  value  used  lor  the  bond  di .  vi.ilnm  cncipv 
/;°i,(M|s  1 1 1  lletc  is  iaki  n  from  llic  eqail-'  i  oun  studs  ol  i  c- 
action  5  by  H"hmc  cl  ;-.l  '  I  here  are  two  alici  native  theinio- 
chemical  ■. allies, 4  one  )■-.;■  1 1-.: r  and  one  lov.-.i  linn  the  value 
obtained  fiolil  the  e-juil.'-1  ,,.n.  -  li.ilv .  (  lb-,  i  .  i-s!y .  if  one  of  g„-.c 
alternative  '.  .due-  v.eiv  n-.e>!  in  e  dvtdatm.'  A,  , ;.  a  id  A..,  tin¬ 
ning  mimics  ol  these  eq  i  n  1,1m  in  hi  eu:i  t  a  ills  v.oald  lie  di  I  lei  eld. 
but  of  course  the  v  alue  of  A,.,,  <  cited  above  wmil-.l  ,ilsoehao;-v. 
so  that  llic  isotope  el leets  o  l  tl-.e  equiiibi  in :u  cm,- 1. mts  would 
be  c-  s  cnlialls  the  same.  I  lie  voinpulcd  equiiibi  non  const.; n is 
in. iv  be  mrnp.-.red  with  ill--  r.dio.ol  llic  ta’c  i  •■.eifieienl*.  lor  il.  ■ 
forvv.ud  aiid  icveisc  slej  s  ol  icaclnms  h  ami  7.1  snip  I  lie  dal  ■ 
Shown  ill  I  able  I.  fur  reaction  r>.  A  ,/  A ,  ■-  OKs  and  lor  .eavlimi 
7,  Ap/A,  o  1 .4.  In  spile  of  the  (.tel  lli.it  the  icael.ilii  ion.  ill  the 
present  case  .ite  no!  ir.iri-.lalioiuilv  tltermal.  the  agreemsio 
between  the  ealeiil.ited  equilibrium  const. ml-,  anil  tin  ratios, 
A  f/l.,,  is  surprisingly  pis  .1. 

As  pi ev  iom.lv  noti  il.  reael ion  3,  and  both  < l.«:  to:  vv  aril  and 
reverse  step-,  ol  react ion  5  and  its  v.u  ions  dcu ter. di  d  analogues, 
are  rel.div cl \  slow  reactions,  fra tislat tonal  v  nei l lir c ->i iohl -. 
were  obseiVsd  lor  both  the  foivvard  atul  tccise  steps  ol  llic 
auiiiHniia  hydrogen  ieaeti"iis.  I  he  excitation  function  lor  the 
foi  ward  sic,  -  of  i  eaetnm  7  is  -.Ina.  n  in  lie  m  c  ?  I  Ins  i  east  ion 
step  is  e'.olheiniic  In,  5  heal;  mol.  Yet  t excitation  func¬ 
tion  a  oln  i"iis|)  tv  pic  at  of  that  observed  tor  reactions  w  hicli 
are  endoi-i pic  m  vv  liielt  h  iv e  an  aelivatio!-,  b.u  i  ier  Hecaiise  of 
llic  large  :  .din  of  tin-  piiijt  i  tile  imi  mass  to  that  of  the  target 
molecule,  the  I  hipplci  hi o.iilc-ninp  client  is  s.-veie  lor  this  u  - 
itCl It'll  I  lie  I  Aipph.r  v.  k 111 i  (  A),  v.  hie h  is  I  In-  li.ii I  >v  id tli  of  ihc 
prob.-.l'dilv  ih-ti  ib,  it  ion  al  I  ,Y  ol  the  mac  ram  m  height,  a  given 
by  tin-  expression1 ' 

A  ~  2(m/',,A  I/M)'  (12) 

where  in  and  4/  are  the  masse,  ol  the  ion  and  neutial,  re¬ 
spectively,  A  is  the  nominal  reactant  ion  u.crpv  (1  All),  I  is 
the  collision  eh.iinbci  lempcraliiic.  an.1  A  is  the  lloll/m.inn 
coii'tiiid.  I  or 1  .’eland  /  -  441  I,.  A  --  I  l/eYfotliie 
N'  I)  / 1 )  -  le.n  l. ml  pair  I  lie  evpv  iiment  -.1  c  ■ itatioii  IiuicIi  .ii 
11111-. I  he  dei  onv  ol  nil  d  |.>  •  .m  re -cl  lor  it-..-  I  )■  ippl.-r  In  o  u!i  nu.p 
and  the  ion  It,  in-,  lit  i.i'ia!  i  n  i  py  ill  ‘tiil'nlnni,  ns  meed  cm  her 
Si  IK  c  in’ll  her  the  cm.-,  ov  tine  hold  |ur  m  leli-’n  nor  ih-e 
posttlm-  hold  i-uei  py  di  p.  iid'  iii  e  ol  li  e  cro •  •  section  r.  hr  owa. 
ti  ial  "ab  .oil i|e"  eV'.i!al:on  I  lu  clion-.  v.-.-ri-  test,  d  until  a  be  t 
fil  w  a--  ,n  Inei  ed  be  I  u  i .  :i  1  lie  .  if  ilia  led  .  ,  n , ,  nluted  .  iirv  C 1 1  ' 1 
all-l  I  In  Cv|-.!  I-U'-Iii.'l  i  I.i  l  i  of  |  no  i  e  I  III  c  vital  mo  In  net  i  -n 
i-vf.-i  I'd  1 1  ■  -in  ll.e.-i  i  "  to-,  in  rmlo-eii'ic  ii  al  iiioiev  i.A-  re.n  liou 
li.i  s  t  l-i*  I  ii  lie  li-  m  - 1  1  i'-i  iii 

«(/',,)  (If) 

V.  litre  tbe  ''vie  Id  I  unci  loll”  i .  given  by 

)'(/'„.)  •'  (Mi//,’  )(\'  v| -■  /  I.(S  ■  ?))'  V'  (14) 
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in  the  polciili.il  sn r t.ivJN  appropriate  to  reactions  2~  and  ?K. 

I'll!  lh.:l  I  lie  In  i.1  lit  of thru  l'..i  rets  is  /.  n  i  r  than  1  he  p  livi'i.il 
iTcpi-.',  o!  oiil.cr  il-.c  separated  reaciaiits  c  prod  m  is  I  Ms 
barrier  ecu  i cspoiuhs  ;.t  the  s\  imiicli  I'  .ii  li.-neiium  » i.tic  lor 
prcOoii  tr.m.Ni.-r.  the  auction  p: occ.'iling  v:.t  a  I’nice-s'.ep 
iricJianiMi!  i ;i\ nl \  ini'  i •  i lorme.iinn  o.  a  lions) i;t i cl r;-a:i ’  in- 
Icnnedintc.  (AH  -  l’.|  ",  wh.'ch,  lie-,  in  a.  potent  in!  "‘.'II  v.illi 
rcsp.'cl  U>  the  reactants,  (  Al  I  -i-  l>  I.  as  well  as  with  i.'p.cl 
lo  !l:.‘  transition  (A-  ■  -II-  -  -III  \cc,.r-.hr.:l  t>  this 

mock!/-  it  is  llic  coi:.:  cluion  lx  tv.  a  on  t'.u  i:riin'o!cci.;..r  de¬ 
compositions  .il  the  i,.:ci  !iici!i.tlo,  the  back  unction  io-  ii'.liic 
(All  I  1/  )  i.l  it  MHj  ..  bi'ild  dc  ii  '  e..'.:  .*.  .lid  i.iw  luiv\.:lll  li'- 
air.ii'pciDcnl  readme.  r.rocl-.icint:  tin-  s> r.n-.n  tric.il  nai-siiioii 
slate,  v.  Ilk'll  ck-ti-rinii:.-'  the  o\cr:-.li  b : : ■  1  -i.  ci: L-.r  rule  cv-  tii-i.  iil 
at  tlicrm.il  cm  spies.  I  ii.s  nr  >dcl  i-  v.cii  s.ipj  -ncJ  by  i  be  m  ovc  a' 
results  We  observe  tii.it  the  rate  cocllieient  :’.<J  its  wri  :tio:: 
'Mill  lia  i  Is  '.l  t  io:  la  1 1  iii  i  yv  (  r.si-le  II  .  :  uf  I  i  .’iiro>  I  2  ..  :ni  I  a )  aie 
strnnpk  dependent  on  tin  cnilisicn  cbnn'.ber  icmpci aim  e.  \t 
lov.  I  i ,  i  n>i  .  I  ion.:  I  ei.ei  ic.s,  il  i.>  seen  t!'.al  an  insreue  ii:  la. 
collision  cii.tntber  b  tajvraturc  ilevrv.ises  the  overall  i.-te 
Covf; i 1 c 1 1 1  A  siniil.i!  elfeel  hits  been  ol"  r.ed  in  cobiiti  i:V- 
rii  idc  i.'.ii  1 1  aiisfe’r  re. •. el i. of  larre  poK.lmme  po.it ive  ions.*4 
I tieie.. snip  tin'  collision  chamber  tcin:  ernivrc  results  i:i  an 
ine lease  in  I  he  intern.-. I  cm  ipvol  l  lie  neit'.ra!  re.'tcta'it.  a nc!  in 
tin  n.  the  iiilernai  cue:  ot  the  inicnncili.itc.  /  *.  is  i'k  .  e  mJ 
I  lie  h  i  ner  iiitcrnn  I  eae:  ;:v  ol  I  lie  Intel  me  Ii.itC  f.i'  iirs  ilie  ii:ii- 
iiTs-.ls's .i’i.i r  channel  h;:..n  ■  a  h.ipli  aelis  at  =.■■".  eiierns  and  a  liieh 
cniio'  y  factor,  that  is.  the  simple  boiul  clcaveac.  which  cor¬ 
responds  to  l he  bach  reaction  eicM'iie  the  s>i  ip.in.il  reaci.tnls. 
An  incie.i'-e  in  the  co-.s  seei'on  v.ii'o  mceasn'.i;  Iransialio  i.il 
ei,,'.'\  |.  o'nseivcti  at  e.'.e.'i'ies  pual.r  than  ~I.n  eV  in.  i::c 
h:ivi.'.|nr>  •■;.  ie::t.  I  his  may  relu  ct  :\  ch.dV'.e  in  i!ie  inech.ani  an 
of  I i - . •  i c . . v 1 1 1 1 : .  rc'ii'.li'i:’  Horn  liie  l.'.cl  ill.'.',  liie  lone,  in  ed  in- 
tel  m.ii'.i '  e  s  a  n  no  Inii-'e:  lv  !oi  ineil  at  the  l.ip  her  i  lit  ei  a  cl  ion 
Cm  :p:.*s  1 1  is  "ell  hrov  e.  ;  h  il  il:.'  me-  I.  na.Mit  a!  ail  loa  n.  i.ir.il 
re.  etnin  t  an  i'::  ei.a-  ! i . n*i  i e i-e  i :n  a!;  i np  I . n  i r.  il  n in  ol  a  j'.r- 
s I . I i ; } ! i* i  m.'iii.ilc  eo.aph  \  In  a.  d.ucl  mee'i.i liisili  as  the 
Ci  >!!:.!. -ii  e e:  e  \  i-  \  ■■-. :  ea-ed  1  I  lie  iii  et  ■  me  ol  ..a.  !i  .in  i :  i :  r  - 
l ileal i  : .  eoll i 'a hi  e i i.i' pie \  de.  re..-;  .  v.  oh  mci  easiin.'  intei  o  b 
e  11 .  i ; ■  \  /.  ‘ .  in  I  to  :■  liie  ii'.tei  n a  1  e...  i i  iilei  ease  >  a  ■  l  he 
re! .'t rii,':  \  el  li  e  le.iClant.  is  llie.e.i.ed  \\  lien  the  ii'.le;- 
ael  i  :i  eiie;  ev  mei  ea  .  in  I  lie  painl  !  Ii.:!  1 1:.-  nUei  iiie.l:  He  is  no 
loa i . .  !  i:  il i ;  i ! .  hah  In  y e  I :  ii  l.nil:  i  n:  :.o  Ion  n  ; 
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tcinperatiire  is  increase..!  i I  iv'i'res  12  am!  I  ')■  This  cheii  on- 
Slratcs  the  c^nivaltlit!  I.  leo!  Iiiteinal  an-!  i et  - .1 ;'. e  t- a lislal  a : ; . ‘ 
cncri'.v  in  r.  iacni^  i  lie  Ii!  el  ime  o!  I  he  mlei  ins' !  inic  coin  pic  s 
1  he  second  deercac  in  liie  cross  sect  lor.  al  sldi  ineher  cueieie'. 
(hip ines  ,s  i  I)  is  ciaisis'n -'it  v. ill i  t lie  bcl:,'.'. io;  ol  many  io:1. 
molecule  i cadi. ills  at  lopher  crerp.ics  aa.i  prcs;ui.abl>  smipi . 
re  He's  is  a  liccrease  it;  the  collision  cni"  si.un.'ii 

Acl.iuiwh-iliiiiicnt.  Ti'-suorh  '  as  supivi led  be  li.e  Air  bnue 
Office  ol  S.ieiitii ii  Ke.ta:  eli  under  t'onli.  el  I  -i  lo2Ii-'h-(  '- 
Oi  'll’.'  willi  Wi ,  a  lit  Stale  I  'm '.ei  sit ' .  1  he  a  n  I  I'.oi  s  a  re-  r :  i :  e  I  n  I 
lor  lu'lpln!  discussions  vui i:  I'roie.-sois  I).  K  Bolimc  ami  .1.  I. 
Ibaiiiii.ni 

Htferem a"  unit  Notes 

(1\  D  K  f'2  f-.'*1  •  m  If.*.'-.-.':*  -I'.u  ,.  j.tpr>n  i-  »  f.’t.n  t.  ..Ivi".  -\urk  •  . 

LJ  .  f  C'b.-nt  in.  VmV..  ^  *> 

(?)  S  C  I  •  *i f - « »t r. i  J > .  *\‘j  .1;  '  !«;b-',a''ii,Ciilo  f  ■r  ii./i-  ".'.  1  bi  .•  [';»'■  i  i'l  H.',  ViS’DO 

C n  -'I,  (  0  C..  1  >.  r-  w. 

(3)  £■:<:.  ‘V:  •:  •-.(  .?  i)  K.  L  :  -u  U  \e.  J  Ani 

O’:’::  i  .  94.  t>  1 :  3  t  V- 1?  i  ‘j)[<  A  .  .  i *  .1  l  It.i.-l  . 

93.  1  l*.i‘  1 1 A  75 1  (.-}  T  •'  f.4  u.-rn  ;:nj  P  Ki'm*  k\  il>  i-  .  i’o.  ?  ir) 
(  l9:('i 

1 4 >  D  K  I- R  S  honv.tM:-. U».  ."ird  H  W  R|-- .i-u.  r:\ys.  5S. /’ 

l£‘)  G  I  G  h'l'ii.v.^th.  ,1  vl  [)  K  (.  .-T  .'  .  S4.  U  1 

ll-'-s" 

(G*  v»  »  i  .•  i  ,t "»?  j  i  r  't.  i;.ir».  j  /,/•>  v'-  s*  s--.  r>.^. ,  ;  i  • 

{/)  K*.  (  G.  «  '.n  w  A-  .  4-.  •>  J  i  If’  T  H.  ••  \ 

CV  *r  h- '  i  ..i  ■  t  !  •  i'  t;1  !*  it-  !  iio,  1  v-  i  !  '  ' '  -  :  i  I  ' « .  A  Gv.  t  .  .1- ' .. 

i'  -  {■  ['■  ■  ».  ’  .*  m.  *.  •  'I 

Sit*  !.->  fiv I>  I-..:  '..-t  I  1-  -.1  1  ».  -  .  ^  L  f  i.ii-v  If  i. 

I  i  i'l’  >t in i  i  n  T.  I. 'tv.  V.--:,.  !.'  V  .  fH‘  «•.'  I  .'*1  • 

i  J  L'i.i*  ..ii .  .  i  M  J  rAMit.1.  .1'.  ■:  /u  w  S.*i  '  .  i  ■’ ■  l  0 

,1P7:! 

pO)  f.’  .■  S-.wivtur.fcl  \  [.  I*' 

■  H )  J  i  ! '  i  .  •.  v:;  17.  4{-1  , 1  •.>/?) 

(1?)  I  M  I  I.  t/r.  ).  1  t*  J  i  i  A'Jj  i./.S, 

r I : 

(13'  C  l»  s.  I  .  vt!H  y  rffKj  A  ::  C'"  "  ,‘:.v  .  £-0,  I  1‘.,C-C: 

{’ ■* i  (.ip  r.  C  i :  .  fi  i  •■'.,'1.3  o  Pi  i.*-  ,'.  »’•  '  f'-  .  -b  .  ■  :  v  a  p 

•:  /';t- .  S?.  -P.  h  Pi-:-  n  J  J  C  1  ■  i’l/.  .  5  •* . 

•1.  A/  ;  » {?  ?  1 » 

{  J r*  v  1  1  n.ri.fi  M  t  *,  -  J  ,.mP.  (.1  /?-,•:  1-1*.  ■  ‘ 

i  ‘ 

, iCj  t  .i  i .  f .  i-  .  .-a  i  T  oii*ii:.  nn  u  i  •  }  -ii  ■  ■  '.-.-I  ?  i 

l  t  •  I  *  -t\  {  -J  •  'I  *i:.**}.  i  i  ;  ' T  •_  '  k  * .  I  1  V  ■  i:.  2  i  ,  A 

(i  !  ■  .  • .  -.1.1  ,,*■.]  K  11  .1-  . . ,  J  x  *  •■.?)  ,'n.  ./.  ■•:  v  1.  7  ?.  'i  ’j  '• 

llv'c.'i 

(!•}  T  O  1-  n.P  t,!h  !  1  I  i  .  ip  ?.■:!  K>1.;  -  .  "  IT  :i  M-  M  '  i r  .  •  'r<  •• 

_  1  .  I  v  •  .••.«-*  '  •  ,  ‘t  -  .  o:  i  .  j  f  .  .  .V  ...  i  .  •  :t  - 

lr.:s  A  -  -  M  .  .  .  ;  *•.  ;:.  (.'pi,  •*.’  I  i .  .n-  •  •  >.  1  *  . 


I*’-'-  1  i.  1  ■  in  '  |  l  3A 

.  ‘  A  /.  !.  ;  I,  -  f  (•-.  ( ’  -t  *  v 

(Pf)  f’’  i.  i-  .*■■:.  ••  C.  V«.t;i..  Ii  L  k  V.-I.  1  O  ■  j  >’-»s  . 

I.:..  ;•-*!  i  s  ■  ■ 

{/!i  C  1  l  !  .  i  •.  V.ti  1  i •  -  c.  j:.  .tit.!  1 5  1  1  •  ^  ii:-i .  J  i  : 

f»:i.  .’A  ■  ( 1  * 

J  I  I  PM>V..."!i-.  l  «r,.  .Vo:  1.J  l  !  I  ,1  .1  m;.i  » 


.'0-1  s 


,  ,  .  A  ’O  / 

<>J  tlw  .tnh’nr.in  (  inninui  S<:  an  /  . 


Itr-S  Ii-W  V,-l  N  V  .  V'7?.  p  >7  ol  r.-,. 

.1  ,  A  WMe.  .1  Am.  UK-m  9. . 

,  I'  h't.J  I  r,:. . f.n.-.i  MiKJ  93’  '°;0 

:  m  v  i  o:.v>  <■>, 

]  Cl  >’  V  O  iioroan.  -ni'1  11.  M  Hu:;lics.  .1-  O'a-iW.  Pi.yi-.  M.  316' 
,  ‘ ,  i  !>.  K.  C  -  Ch-v.  40.  OM 

,j  aa,  f; .  >  r ;  •  ’  -  ^  f 

aJ-sw..  >: ;  .  . . -■  *• ,v 


cairn- n  i  -■  .-'.a •: mi-  n 1 04  nni/tu-i ,frt.  I'll; '  -,v 

Irnni  Hi  .anil  li«*n  B>»  0.1V:  •<  «  "■  :.'V-  1  ;  f.-io  J>o.<  • 

v'^-- .“-'V. ■, 

ani  4»>  o  i  -il- -!-*o -■'*  ll -  *  '  -  * 

rvynv.d  K’  t  Vl';-  r  .....  r.r,  I!*:;-, 

(3V,  Is  O  i  >-..•-«•  .  •  ■■  ti  »  ••  1  '•  1  '•  '■*  V...  MV 

i  IV)  ii  .1  Pi—. I  li-TOli-C  Tl  uO.y  i-l  U-sps  ,  l.lcuMw-il-i.  Uu  "•  '•  ‘ 

(0,'l  r'r^Cr. -'IV- .ii'-l  A  Kci.p-ininri.  J  Chrm-  EtfuS..  «.  11908i. 

Jjj!  J  j'r"  :  '.;  V-1  ;/  [’vo:-li.;r.  ;.!'■) r  H  I  »;IJ.  J.  Am  O-.-ni  Soc  .  96.  3 1  3 . 

(3'.)  !’;‘n  'v/ .r-~.  Acc  rv n#-s„  3, 43  iwcv  t<»  z  wm  R 

WoUc.vij  1.1  m  'C  i.  pp  30  l-!»3'-i 


ii  lt*i‘  i.n 


N|V- 1|.‘4  I'li;--.  .1  V  i  i  \.-i 

l\  i >. tin* ■«  I'..  ..  I .ui  |7?\  rni-.u-J  'ii  A«n  ■ 


C'harn ctcri/n t ion  of  (lie  hiniiiuscciicc  from 
low  energy  Ile+/\c  and  He1  /Kr  reaclions* 

1-  Cil(  AN  I  ,l(  INI  S.  1$.  M  AM  IN  I  1 1  (.III  V  ami  1  IK  I' IAN  O  III  UNAN 
Pcp.utii.i'iil  ul  1  hciiii'U>  ami  lUcliiM  l..il\*iaU'f  n.  Wr.i'hi  Slide  I  I , i >  l « ■  1 1 .  Uii  4  5435.  USA 

aiut 

Dahkhii.C  I  n  .iikIDakui  i  (i.  1  IniT!  Kt 
Arj’.u’.uc  National  l.aU«H.'inr\.  Aivodiic,  II.  M»i3v,  I'.S  A 

</V;  .%».*./  \: |’P7.  v;  I.  . -M*./ I  11  1,  ..;  !■/>; 

AUlrml  1  lie  i  1  i I'.I'Koi  h.  'I iv  k.ivli'M'  vf  HMiA  Ivliiin:  km\  will\  vnon 

P>|»lo|.  .1 1  -•  led  .Mu'.  In  *v^  1  -i '•  vl.'x  '!  .e.;  I  Ii.i'.c  heCM  =■■  ui--  l’:M  ilk*  VII 

,11.,.  I  l.ill  la  ,.;t  1 1  !»>.■  %  uhuli  ;•!,»,  In.  i-  i  .-.iii. .non  ii*.  ii.;  \\  ;\v.:.n  ill  jr.ivi  *.  'U  I.Vr.m.  .  :u!  u-  ss 

MVlI.'I’.N  ||,I\V  I  "v"  \ 1 1 .  llv1'. :  d'.'il  li.T.siin  >IV.  Ill  l!.e  !  *dl  VlJi::;’.  ink:\.il  I  ■  |  .  V*  !'  !li. liv'd  '  1 V* :  !.i :  I  \  . 

ami  llic  ti'vii!:%.,fv  .i\.ii!.i!»ie  u;'  n  ivt;  ’■  'I  A;,  liiip.  i  L.il.ne  rl  ilk  v-vii*  w.ui.  *,s  ;i.  :  n..  k  ni  :! 

lo'ulnv  ilii'ii  ni.’i.Cil  jk'rn,|i.  1 1 ! v  j'lo.imi.  (•*  i.nl'i'.e  i:,  l!,e  ,il>ei»v'C  t ■  I  m/ii...-  .ml  jvvi  1 1, i : »,■  1 1. >11 

volhsii»:i'.  »*i  fi  i *i 1 1  vies.  I  lie  m.;:T>el!e  neliK 


In  ii'cih  i  iin\ 

liu  hi  \i  ■  i  m\s  ul  mine  helium  v.  nliilie  otliei  i.ue  imhn.  Ky. 

1 1 c  1  r S ,  0  i  lk|%)-.[ileR;;]''  -.llef’.V.,)  •  Kg ‘  "tumiM  •  Ml.  (It 

puulike  cn> i . . pic v  optical  emission  spectra  which  u’Mili, 

Kg*  ’(r,!ni.\)  >  Up  '  (ijTmiVi  1  hv.  (2) 

fioni  elec i : on 1 1 \  cv.iici.1  protlueK  j|  |i)l  Such  1011-nail: al  reactions  aic  of  imeicsl 
as  possible  laser  punipiii;’.  mechanisms  |  1 1  ).  The  lame  ililVcieiKc  between  the  re- 
combination  cncrex  uf  llic  lie'  ion.  2*4  c\  .  ami  I  lie  aiomie  loiii/aliou  potential  of 
liothXeaml  Ki  ii"!  I.WaiKl  ITOeY.  ic-.p.N.ti\el\  I  causes  many  radialMi;-  \e  "  01  Kr' 
ion  stales  l<>  be  accc'sib'e  when  translational  to  inlcin.il  encryv  tiaii'lcr  ol  o e Y  o: 
less  oeems  The  cnemc'.ic  o.puii emeu! s  lor  llie  production  ol  \arions  Ne  ‘  ami  \e 


*  II.  -Il.lt  S"|  tiled  lit  | '  .1 1 1  Ik  1 1 ■  I'lilkV.  Sea..  \i  I..H.-  (Vis.  of  S.iiSiICk  It  o*  i‘.;  . .  'l  u.-dci  (Valsi.i 
I  I  I'Ac  "i'-(  -e  ■" * \s  .ii.  W i  1 . :  S:  . u  l  uiv.s  .ii \  .i*i.'  * i  I'ji.'M.  i!  in  ; ' . i r i  in :  ; I ’ . j  .uv  II. o.-.m  . !,  I  . . ' >j  .i i . . i  :v  - 

I  li'llt-  IV.  I  Ns  »■.  ’ll  \l  M  lsM|i  ii,  '.ol!  A-  .mil  1 1 1  !•  I.'i  vo;-.li.:.l  \  1 1 1 '  IO ''  '-1  Cl ‘0  i  I  "*  \liili  liaoll'le  Ns .  ■ ,  i . 1 1 1 .  ■ 1 

I  .ii’.'.  ,,:.’i .  ,l  sl  I!  I  > \ i 

i  I’m-.. , a  .i.id: v n.  i  i.i h'ii  ,ii . ■  i . s  i ‘ .  ..I ■ . i,  t  oiu 1. 1  1 1 . .i ' i o  .a  t a, .ii  sal  i  .a e i  in.  i  i  sail.',  i  s  \ 

*(  MU  A  iU  I1.-  ..-.•i,  '■  Hi  .'.'  i"’1  I  I’ic-I  ir  ,i.ii!;e.-  i-.  ias  Api-s-  e.i.ins.  in.  .  4  i  ? d  1  .1.  n  At.  , 

Sink  I  . .  (Ill  I'  I  s  \ 

|  I  l  M  I  ll  ii  i  .  I<  Si.lli  l.  .util  S  Im  i.  I'ii  i  .  I,:-:  1  5.  s  |  -.  ( in.'U. 

[  "*  j  l>  l-.'-i’  I  I  liillio . .  \  s  a  iir.  I1:;: ...  o  ,f(i,  mil.  i  H;i.~i 

j  >1  II  S.  1  i i  i  a  i-i-.:.  /  .  ..  '  M.,.s'-ii,|  u 

|  I  I  I  I  I  'l  II  ■  i  ||  |  I  I  i  ..  i  i  |  >  I  -a  .  i  n  .i !  |  V*  1 1  1 1 1: el !  i.  S i  i  i  i  i  r  ISS;  :  41.  si  s  ,  I'.s-’ i ; 

|  ■  |  II  I  I  ■  i  l  i»  ..'I  !  II  I  1  N  \  1 1 1  i  it:,  '  S .  *  I  ! '  l  ■  1 1 1 

|- ;  \  ii  i  .ii  i  v.  w  i  .  ii  i  >.i  i!  i  -a  ...ii  \  i  ■  ••  ; .  •  /  - 1:  :s.  i;  -I  i 

|  j  ll  M  In  .III.  1  >1  I.-  :•  .,11.!  I  (>  lio-sis  If. \|l|.,/.  .- . 

o.  ,  I  |  (  \..|  I.  ...  5  lu.irak  .-I  i'l  .  ,  ll  .  ...lo  1 1  •  >i 

I  S  |  ll  M  III  .III.  I  l,  I...I, |  ll  Inns  \-  .  l  ■-  .  So,  t>),  I 'l. .  I  '  i, 

I'M  H  (  III!-  /'.'ll  ,  MH.  :  i  .  I  "  I: 

j  l"i  I  I  .  i  I  .1-  .  I  M  :  I  ..I.  .  I  I  i  I  .  I  '  >  !  !..  :  VI  s,  •  1  n  I 

I  1 1  ;  (  II  (ii:  ns-.  \  I  I  ,  \  IS..I-.M  S  M  I  ,  i  i:  i  II  \\  I...I  . M  s,.. 

/ 1-.-  M.  I  I  I  .1 


!•:.  (ilUS  I  JoNIS  <■/  III. 


m 


rig.  I.  Energy  spectrum  of  lovv-lyir.g(lleXc)’  asymptotes  with  respect  to  lle'c'Nj  :l  +  Xci'.S',,). 


slates  arc  summarized  in  Fig.  I.  The  reactions  of  lie'  with  Ne  or  Ar  and  inelastic 
scattering  with  Ne,  Ar,  Kr,  or  Xc. 

Hc+(2S,/2)  +  Rg('So)-»  He  VS,  >)  +  Rg*  (3) 

to  produce  excited  neutral  suites  Rg*  tire  considerably  more  endothermic  than  the 
reactions  of  lie'*  with  Kr  or  Xc  and  fewer  emission  lines  are  observed  at  low-to- 
modcrate  He*  translational  energies  [5. 7. ()].  Thus,  the  low  energy  lie*  -I-  Xe  and 
lie*  +  Kr  reactions  provide  an  excellent  means  of  populating  the  low-lying  states  in 
Xc*  and  Kr*.  The  intensities  of  the  vacuum  u.v.  emissions  which  result  from  Xe'* 
or  Kr**  product  stales  are  reasonably  high  and  there  is  no  apparent  interference 
from  neutral  Xe*  or  Kr*  emissions. 


Fxpikimintai.  Tin  inioius 

In  nrtlcr  to  characterize  completely  the  wavelengths  amt  absolute  cross  sections  of  spectral  emissions 
from  lle'.'Kg  collisions,  reactions  (I)  are  studied  umter  low-pressure  a  ml  low -conversion  eomlitivms.  A 
mass-selected  beam  of  lie '  ions  (I  SnAl  is  diicctcd  npon  xenon  or  kivplon  gas  at  low  pressure  |4  S  mill  iron  I 
in  a  collision  ehamher  (path  length  0.475 enu  I  he  ion  exit  slit  of  the  collision  chamlvi  is  located  at  the 
focal  point  of  the  I  in  concave  grating  or  a  McPherson  Model  2’5  vacuum  u.v.  spectrometer  which  is 
oriented  to  monitor  radiation  emitted  along  lire  collision  axis  A  photomultiplier  detector  and  pulse  counlci 
me  used.  The  magnetic  field  in  the  collision  legion  has  been  determined  to  he  less  than  0.1  Cmiiss  and 
the  eleelrie  field  is  estimated  lo  he  less  than  0  I  V  cm  t  he  collision-chamber  moitocluomalor  region  is 
differentially  pumped  and  the  ptessme  ill  the  nionochrom.itoi  housing  is  iii.iiiil.iincd  at  oi  below  I  >  10  'loir 
for  the  experiments  reported  here  the  deleslion  system  imvipoiates  n«'  optical  windows  for  me.isuivnU'iil . 
in  (lie  region  between  50  and  I  .hi  urn. 

(Toss  sections  for  emission  of  radiation  m  the  50  Ihtnnt  range  are  calculated  from  the  relation 

n|/|.  /,(/) 
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where  o(/.|  is  llie  cross  section  for  emission  of  the  observed  wavelength  /,  /,,  (/|  is  the  total  nuniher 
of  photons  produced  per  second  at  wavelength  /.  »  is  the  number  density  of  atoms  in  the  collision  region. 

I  is  the  collision  cell  length,  and  /„  is  the  lie1  ion  current.  The  i|uantity  /,,!/)  is  determined  by  assuming 
isotropic  photon  emission  [I2j.  The  transmission  function  which  is  used  to  calculate  /r </.)  in  the  vacuum 
ultraviolet  (v.u.v.)  region  is  established  by  usiti|:  estimated  praline  tcllectances  |  IT],  assuming  literature 
values  for  photomultiplier  ipinntuin  clliciencics  |  I  I.  15]  and  by  employing  the  production  by  I .> man-alpha 
radiation  in  the  llc’/H,  reaction  for  calibration  [  I  ft).  More  details  on  the  apparatus  are  published  elsewhere 
[17].  The  uncertainties  in  the  emission  cross  sections  reported  here  ate  estimated  to  be  on  the  order  of  a 
factor  of  three.  Relative  errors  are  estimated  to  he  ;t.  25", 

CLASSIFICATION'S 

The  spectral  classifications  arc  based  upon  the  energy  levels  tabulated  by  Mooui;  [18] 
and  Minniiacun  cl  til.  [I1)].  The  criteria  for  each  classification  are  (a)  an  energy 
match,  (b)  the  selection  rule  A./  0.  ±  1,  and  (c)  Laportc’s  wave-function  parity  rule 

(even  <-•» odd)  [20].  The  energy  selection  criterion  which  is  applied  is  such  as  to  require 
that  the  difference  between  two  levels  match  the  observed  line  to  within  its  experimental 
uncertainty.  The  latter  quantity  varies  with  wavelength  and  is  reported  in  the  tables 
with  each  observed  line. 

A  rigorous,  self-consistent  classification  of  all  lines  observed  in  Hc+/Xc  and  lie4  /Kr 
collisions  can  be  made  to  transitions  between  states  of  Xc+  and  Kr4.  respectively. 
These  classifications  arc  provided  in  Tables  i  and  2  and  in  [21].  None  ol  the  observed 
lines  can  be  classified  with  confidence  by  transitions  between  excited  states  ol  He,  Xc,  or 
Kr,  although  sporadic  matches  occur,  mostly  in  the  visible  region  [21]. 

Processes  such  as  reaction  (3)  which  yield  excited  atomic  products  have  been  excluded 
as  possibilities,  and  all  observed  lines  have  been  attributed  to  allowed  ionic  transitions, 
for  a  combination  of  reasons.  First,  the  endothcrmicity  of  such  processes  is  8-  I2cV 
for  collisions  which  would  populate  the  upper  levels  for  the  potentially  assignable 
neutral  atomic  transitions.  The  corresponding  endothcrmicity  for  all  transitions  contribu¬ 
ting  appreciably  to  the  total  intensity  is  less  than  4cV  if  till  classifications  arc  made  in 
XcII.  Secondly,  the  allowed  v.u.v.  transitions  from  the  first  few  excited  neutral  slates 
to  the  ground  state  arc  not  observed,  liven  if  these  excited  neutral  levels  cannot  be 
directly  populated  in  reaction  (3),  they  should  he  populated  by  cascading  ns  they  are  the 
lower  levels  of  some  strong  visible  transitions  which  match  observed  lines.  A  ’.lard 
reason  for  excluding  excited  atomic  products  is  that  the  sums  ol  intensities  v>f  all 

[12]  Calibration  was  based  on  ll.e  nvhim|ues  outlined  by  It.  J.  Kusikowski  and  R.  D.  Lit:  in  theory  ,nul 
\U’lli»il>  cj  Oi'iiciil  I'irnhwiry.  National  tluicau  of  Standards  Monograph  41,  Washington  I  19621. 

[13]  Values  lot  u-lkelaiu-e  wen-  obtained  by  into polatini-  the  data  of  T.  Namioka  and  W.  It.  Ilt  snlt. 
Optics  Cimmwniuiiiim\  II,  22')  (19731.  Those  numbers  were  increased  by  50" „  to  approximate  the 
incteascd  rcllcctain-e  of  a  platinum  compared  to  a  gold  coated  grating. 

[14]  K.  (*.  Sciimiim.  Technical  Applications  Note  9803.  Ilcndix  l-.lectro-Optics  Division,  Ann  Arbor, 
Michigan:  M.  C.  Johnson  and  J.  Svinson,  Absolute  igiantum  ellieiency  of  it  ebanneltron  photo- 
nudliplier.  Technical  Note.  Bend i<  Cor p  .  Research  Laboratories  Division.  Soulhlield.  Mich. 

[IV]  l-MIt  photoelectric  data  for  calibration  of  5 II I--OX-IX-0390O  photomultiplicr-tuhc  that  was  used  in  Ibis 
study. 

[16]  The  cross  section  for  Lyman-alpba  radiation  in  the  lie'  ll,  reaction  determined  using  die  estimated 
grating  reflectance  |I3|  and  igianlum  ellieiency  [14.  15]  at  I2I(>.\  agrees  within  30"„  of  the  accepted 
value  measured  In C.  II.  Dt  ns.  R.  Lit  it  vt  1 1  and  D  Pkiivik.  Hnv  Ret.  128.  22001 19(01. 

[HI  It.  M.  tier. Ills,  to  Ik-  submitted  to  Her.  Set.  liinrnm. 

[  IK  j  C.  I:.  M<smt.  .Ill-mil  anri/t  Urct\  Vols.  I.  It  and  III,  National  Bureau  of  Simulants.  Circular  4(«7. 
U.S  Dept  of  ( 'nmmercc. 

[ pi]  L.  Minniim.i N.  II.  Sllillil n and  It.  I’t  it Ksson.  lit.  /  is.  39. 471  119691 

(20J  D.  Ci.  llofl’lM.  SI  ARCH.  A  TORTRAN  IV  piogr.itn  foi  examining  eneigy  level  tables  for  matches  to 
observed  transitions;  I)  li.  Horn  a.  T.  (i  Jonis.  D  C  lit.  ami  k  Slims  III  vim.  IABI.IT:  A  set  of 
rompim i-form.ii  versions  of  energy  level  tables  li»r  \  ami  \  ,  \  He.  Ne.  Kr,  \c.  II.  Hr,  and  I. 
front  various  literature  sources.  The  computer  program  STARCH,  level  tables  I  AM  IT.  and  usage 
document. iiiom  are  available  upon  rei|ttest. 

[21]  I  (iJoNn.lt  Millions.  I  O  TtiKSvs.  D  C  III.  ami  D  O  Horn  it.  Ilrelim  I  abotalorv  TeJniual 
Report  l(l(|977|  Available  upon  ropiest  Iroin  Ilrelim  I  .abotalorv.  Wright  Stale  t  nivciMlv.  Dayton. 
Oil  I Vl*s 
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I  able  I,  I  iiniincst'cncc  fmin  the  icacliim  IOOcV  lie*  l  Xe  -*  lie  I-  Xc'  • 


OhseruM 


I.ine 
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(ton) 

I'.inissiitn 
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Xdl 

Transition 

(mil) 

A//J> 

(eV) 

Power  Slate 

Upper  Slate 

1 

71. OS  ;t  0.4 

1.2 

5/i*  , 

6,/  4f,., 

-0.09 

4.79 

-V  !n. 

6./  Jy  i  ! 

-0.37 

4.86 

v  -n  s 

70,2 

0.10 

4.74 

7.v‘  >0,  2 

-018 

6.17 

2 

73.33  4  0.4 

1.0 

j/.'  *  n. 

64  */),,; 

0.36 

4.37 

5  /■' 4 

lf'2/2 

-0.08 

4.47 

5/.w/>:;J 

18.  j 

-0.10 

4.47 

5  P'*nt 

X„2 

-0.11 

4.48 

5/-*  !n , 

1 0,  -2 

-0.19 

4.50 

3 

75.13  ±0.4 

1.0 

V 

7*  47>,  j 

0.33 

3.97 

5;>'  J/’j- 

7.V  4/’.,.2 

-0.05 

4.06 

V  *n, 

2,  ,2 

0.11 

4.02 

•V- 'i"i, 

4,  .2 

-0.20 

4.09 

5  />*  , 

4j,2 

-0.20 

4.09 

6,/  4/>2,2 

-0.28 

5.41 

-i 

77. 17  +  0.3 

0.5 

5/.** /"I, 

54’  JS,.2 

-0.10 

3.57 

5 

7X75  +  0.3 

70 

5/.'  ’/-Si 

54’  */y} 

-0.02 

3.79 

6 

80.63  +  0.7 

6.0 

5,.  *>/>!; . 

54- ; 

-0.17 

2/;  5 

5/)' 

-002 

7.93 

7 

84.01  ±  0.1 

4.9 

5/»  2 

&r -0i,2 

-0.04 

7.31 

8 

84.29  ±  0. 1 

4.9 

5f'  ">’|2 

5*r 

-  0.05 

3.57 

9 

X  5.50  ±01 

1.4 

5/.' 2 

54'  >±2,2 

-002 

3.35 

10 

87.07  ±  0.1 

6.7 

■V 

5<r 

o.ox 

1.77 

II 

88.79  ±  0.1 

5.5 

5p*  . 

54’  >0,,, 

-0.06 

1.57 

1.7 

89.83  ±  0.1 

0.7 

5p*  2 

54'  . 

0(H) 

1.35 

13 

<>1.75  +  0.1 

9.5 

5,.?  •’/*:;  2 

54 

0.02 

1.13 

II 

97.58  +  0.1 

15.5 

5p* ' . 

54  >/),  ; 

0.09 

097 

5/>*  ’ I1"  ; 

6V  -0,,2 

0.05 

0.93 

13 

93.13  +  0.1 

5.7 

v‘ni 

54  4 /*,2 

0.00 

0.86 

lb 

93.57  i  0.1 

7.X 

5p',J"j  2 

54  4/», , 

0.02 

O.SO 

17 

93.95  ±  0.1 

9.5 

5/t'  J 

54  4/Y  > 

-0.03 

0.74 

IX 

94,17  -J  0.1 

5.4 

5/.* 

•V 

-0.03 

o.cs 

l‘> 

94.98  +  0  1 

9.4 

V’fSi 

5./  sPJ(j 

-0.03 

0(0 

70 

95.94  +  0,1 

3.6 

6s  j 

-0.02 

0  47 

71 

97.34  ±  0.1 

10.4 

6  s  ■’('.v: 

-0.07 

0;nt 

ii 

97.70  I-  0,1 

7.5 

V  •’/’?) 

6s'  >/)  ,  3 

-0.03 

1  54 

73 

98.90  ±  0  1 

28.5 

5,.'  ■’/•<; , 

6'  J/’t  : 

-  0.04 

0.09 

7-1 

99.74  ±  0  1 

6.5 

•V  !/*7  2 

54’  •/>.,  j 

-0.02 

1.35 

75 

107.73  ±  0.1 

4.7 

5/1'  }/*V  ? 

54  ■’/>,  j 

-0.02 

0.97 

26 

103.75  ±  0.7 

1:7 

5/t'  2 

54  '(>,  , 

-  001 

-0.45 

54  J»,.  j 

0.01 

0.86 

77 

103.81  •  0.1 

4.7 

54  4/>,  : 

-0.01 

0.80 

7x 

101.17  J  01 

6.0 

5/>* 1  /’ » : 

54  4/>.,  j 

-0.01 

-0  55 

7'» 

10183  ±01 

25.3 

v,r;, 

54  4/>,  . 

(UK) 

-0.63 

-V;^2 

54  ->,.2 

-0.01 

068 

30 

105.57  J  Ol 

104 

v 

6s  4/'m 

-0.03 

-0.67 

31 

100.77  ±  Ol 

2.0 

5;t* J  7'V  . 

6s  3 

-001 

0.47 

.VJ 

10747  ■>  Ol 

16.5 

V,/,°2 

6  s  J/*,2 

-0.02 

-0.92 

31 

11007  ±01 

III 

v'  • /•; . 

5p”,.V|  . 

002 

-1.19 

31 

115.87  -t  01 

2.5 

•V’f’Y  j 

.V  4/>,  2 

-007 

-0.45 

35 

174  35  l  0  3 

1.5 

V  -/•*,*  2 

v*s. ) 

0  13 

-1.19 

*  C.ilcul. lied  in  Xiioiiiin 

I  I  lie  e.ilviil.ilh’ii  of  thee  'allies  assumes  isotropic  plii'lnn  emission  nml  ncjileeis  possible 
fvl.lllMlllM)  llTi'lls 

{'I lie  w.iiili'iijMli  /f  cnnespomlinp  in  llie  classification  is  calculatcvl  from  ilie  letch  li'led 
in  j  IN  |  b)  I  lie  search  pruj'Mtn  |  70} 

?  I mb.ilp)  ilt.inpc ii'i  l bo  ic.  niton  lie’  >  No  - •  llo  +  ,\c* *. 


IriimilMiiN  ivptilvilinp  >p«vilic  ion  level'  which  nrc  not  e\peetevl  lo  he  tlitcelly  popiilulcil 
in  (eviction  (II  vipree  u*i>  well  with  the  cntrcspoiHlinj!  stum  ’foi  transitions  tlepletinp 
those  leveK  prothlctl  ih.it  vill  cl.issilie.ilionn  ;irc  mviile  lo  ionic  Iramilions.  I'invillv.  the 
number  of  nivitches  of  observed  line?*  with  excited  neutral  ii.insiiion*  deeie.ises  dr.tniaticvilly 
for  lie’  Up  collisions  in  the  sentience  Ne  Ar  Kr  Xe.  wheie.is  the  ntiniher  of  m.ilchex 
with  excited  ion  transitions  iner»\ises. 


Character i/;ilioii  of  the  luminescence  from  low  enercy  I  le  ‘  /Xc  and  llc'/Kr  reactions 


Table  2. 

l.uminesccnce  from  the  Reaction  lOOeV  lie*  -i  Kr  — 

lie  +  Kr  *  • 

Observed 

~  ~~ 

— 

Line 

wavelength* 

emission 

KrII  (i.msition 

/■o 

(nm) 

cross  section) 
(10-  '"curt 

'r  -  /.„i 

(nml. 

no. 

Lower  stale 

Upper  slate 

A//* 

<cV) 

i 

56.24  ±  0.3 

0.15 

4/>*  '/‘I  , 

(•'P)7.s  4/>,  , 

-  0.08 

11.49 

4p'  •'/**;  ; 

1*015,/  , 

-0.16 

11.52 

4  n*2r<; . 

(*015./  ’/>,  , 

0.04 

11.44 

4/-'  -•/•'; , 

(‘0)5,/  2/  vl 

-0.03 

II  45 

4/.' 1  /•*,', 

(2/*>7s  2P,  2 

-0.05 

1 1.48 

58.04  ±  0.3 

4  p**ni 

{'0)5,/  j 

-0.22 

1 1.55 

2 

0.21 

4p”;>*’J 

f/»6s  2//<. 

0.11 

10.73 

4ps 

( 1 0)6s  -0,  , 

0.08 

10.74 

V2/**,*.; 

(3P|7s  4P,  , 

-0.13 

11.49 

4p5J  r,’. 

(‘0)5,;  Jp,, 

-0.01 

11.44 

4;i5 

(3P)7s  , 

-0.10 

11.48 

58.73  ±  0.3 

4;>s 

C 0)5,1  •’/>,  , 

-0.2X 

11.54 

3 

0.1 

4/>’,r!j 

(-Via/  2 o»  , 

020 

1045 

(3P)5J  -’Oj  , 

-0.10 

10.56 

4p'Jp'/ , 

(‘0)5,/  J0,, 

-0.16 

11.25 

4 

59.77  ±  0.3 

0.17 

4p2;/*<;; 

(3P,5</  4P,  , 

0.09 

10.12 

V 

<3/*>5,/  2/>,,3 

0.13 

10  11 

4p5 

(3P)5</  4/\  , 

-  0.08 

10.18 

4p,2f,5 : 

<JP>5,/  '/'5  , 

0.11 

10.12 

V2/>?: 

(3P)?</  2Pj  : 

-0.22 

10.23 

V2/’?, 

(‘0)bs 

0.23 

10.74 

5 

60.74  ±  0.3 

0.17 

4p52P'j, 

t  'P)5</  4/v, 

-0.16 

9.SS 

4,3  *p»  , 

(3P)5</  4P,  , 

0.07 

9.80 

4p”/*5> 

( J/’,5</  4r, , 

-0.19 

9.R9 

V  */*?.• 

(,/’)5</  20, , 

-0.21 

10.56 

6 

62.93  +  0.3 

0.42 

4p5 

(JP)5</  4P,  2 

-0.06 

9.80 

7 

63.45  ±  0.3 

0.25 

■t/3 

('P)6v  4P<  . 

0.21 

8.89 

4p5JP“  , 

('P)6s  Jp, , 
('P)6s  2P,  s 

-0.11 

8.99 

4P' 2 

-0.02 

9  63 

4p,2/’“, 

('/’) 5,/  40,  . 

0.17 

9.57 

8 

64.20  +  0.3 

0.29 

(‘0)4,/  , 

0.14 

9.35 

4  p5->',’s 

(*S,4</  -’0, . 

-0.11 

9.13 

W,'  : 

(3P)6s  2P, , 

-0.27 

9.47 

9 

663)0  +  0.3 

1.03 

4,3 

(’0)4,/  , 

-0.02 

7.95 

10 

68.33  ±  0.3 

0.30 

4,3 

l‘S)5v  :S,2 

0.26 

7.49 

4p5  2P',\ 

(‘0)4,/  2 P.,2 

-005 

8.24 

V 2 

(‘0)4,;  2p,  s 

-0.21 

8.28 

II 

69.03  +  0.3 

0.56 

‘1/3 2 />'.’> 

(‘0)4./  2Dj  2 

0.03 

8.03 

12 

72.99  ±  0.1 

1.26 

4p2  , 

('P)4,/  2Os  : 

-0.05 

6.41 

13 

74.34  ±0.1 

1.01 

4p,2P? , 

e'PW  4P,  , 

-0.03 

6.10 

4ps  il‘"  ! 

(3P)4,;  2o.,  2 

-  0.06 

6.10 

14 

75.18  ±0.1 

1.40 

4,3  JP"  ; 

('/*)»,/  4P.,  2 

0.03 

5.90 

-Ip51/’?- 

(■'P)4,/  2F,  ; 

0.02 

5.90 

15 

76.14  ±  0.1 

0.87 

4,3  2n- 

(3P)4l/  2P,  j 

-0.02 

5.70 

16 

76.44  ±0.1 

0.29 

4p-2n: 

( JP)4,/  2P,  , 

-0.04 

5.64 

17 

77.10  ±0.1 

0.48 

4  p52/*:;. 

(3P)4,/  T,  2 

0.00 

5.49 

18 

77.40  +  0.3 

1.43 

4,1'  2/”i>  ; 

(3P)4</  20,  s 

-0.03 

6.10 

19 

78.24  +  0.1 

3.69 

4,3  , 

CO)5.s  2Os. 

-0.03 

5.27 

20 

793)5  ±0.1 

0.19 

4/3  2 /’V 

(3P)4,/  4P,  2 

-0.04 

5.59 

21 

80.58  t  0.1 

0.24 

4p,2/T: 

('/*))./  4P,  2 

-  -  0.03 

5.47 

22 

81.87  ±0.1 

2.13 

4,3  !r? . 

(*0)5s  20,  , 

-0.06 

5.23 

23 

82.65  +  0.1 

0.39 

4,3'/*';, 

(3/’)5.S  2P,  2 

-0.01 

4.42 

4p5  !/’?  j 

(3P)4<;  4o,  > 

—  0.01 

4.42 

24 

83.04  ±0.1 

0.59 

4,3  , 

(3P)4,/  40,  ; 

-0.00 

4.31 

25 

84.48  ±0.1 

1.24 

4,3 

{'P)5s  2P,  . 

-  0.08 

4.10 

26 

86.46  ±  0.1 

0.77 

V’Pi  i 

(3P)5s  2P,  2 

-0.02 

442 

V  > 

(3Pl  h/  40,  2 

-0.02 

4.42 

27 

863)1  ±0.1 

13)9 

4 ,3  2 

('P)5v  4P,  . 

-  0  02 

3.68 

28 

88.68  ±  0. 1 

2.77 

4 p' 

<‘Pl5s  4/\  . 

-0.05 

3.40 

29 

89.10  ±0.1 

0.72 

4/3  2  /’V  j 

( 3 PI 5.S  4P,  ; 

0.00 

3.99 

30 

91.74  +0.1 

1.10 

4p'  , 

4s4p"  . 

o.oo. 

2.93 

31 

96.54  +  0.1 

1.55 

4,3 

4 s  ip1'  2.s,  2 

-  0.01 

2.93 

*  Calculated  in  vacuum. 

t  Till!  calculation  of  these  values  assumes  isotropic  photon  emission  anil  neglects  possible 
polarization  cIVects. 

♦  The  tvntelciijMli  corics|x>mhn|!  to  llicclassilicaii.m  is  calculated  Iront  the  levels  listed  in  1 1*)] 
by  the  search  program  |  ’0] 

5  F.ntlialpy  change  for  the  reaction  lie’  I  Kr  -  •  lie  4  Kr**. 


'l}-  E.  Oka nt  Jonis  «•/  al. 

Results 

liiblcs  I  and  2  summarize  l lie  emission  cross  sections  and  classifications  for  radiation 
within  the  interval  50-l30nm  from  the  lie*  +  Xe  and  llc+  4-  Kr  reactions,  respectively. 
An  analysis  of  emissions  observed  in  the  spectral  range  130- 890  nm  has  also  been 
completed  [21].  In  total,  116  lines  in  lle'/Xe  and  84  lines  in  lle^/Kr  systems  have 
been  classified  and  emission  cross  sections  determined.  The  complete  spectra  arc  not 
presented  here  due  to  the  volume  of  these  data;  they  arc  available  upon  request  [21].  The 
lines  reported  here  represent  about  70%  of  the  total  emissions  cross  section  observed 
from  each  of  the  reactions. 


Conclusions 

Within  the  limitations  listed  above,  the  data  in  Tables  1  and  2  provide  the  basis 
for  determining  the  relative  probability  for  transition  from  individual  levels  to  either 
the  ’/’ V/2  or  2P%i  states  of  the  ion.  It  should  be  emphasized  that  the  spectra  are 
obtained  under  experimental  conditions  which  minimize  the  perturbing  effects  of  (a)  gas 
collisions,  (b)  resonance  absorption  of  the  emitted  radiation  [22],  and  (c)  electric  and 
magnetic  fields  in  the  reaction  region.  Consequently,  the  ratio  of  the  emission  cross 
sections  for  transitions  from  each  level  to  the  2P% 2  and  2P<\/2  electronic  ground  stales 
should  more  closely  represent  the  relative  transition  probabilities  than  does  the  corres¬ 
ponding  intensity  ratio  obtained  from  discharge  spectra  [23]. 

It  is  notable  that  in  some  cases  the  cross  section  ratio  for  a  given  pair  of  states 
in  KrII  is  small  when  the  cross  section  ratio  between  the  analogous  states  in  XcII  is 
large  and  vice  versa.  For  example,  in  the  KrII  spectrum  the  only  observed  transition 
from  5.S4/’!,:  is  2P°i,2<-5s4P ,,2.  In  the  Xell  spectrum  the  corresponding  transition 
2 P°l2  <-  6.vJ/\.j  is  below  the  detection  limit  but  the  transition  2P%2  6s*Piti  is  the 
most  intense  line  in  the  spectrum.  For  another  example,  the  emission  cross  section 
ratios  of  the  first  doublets  wrnp5  2 P%2  —  nsnp6  2S  v2/ns2np5  2 P\j2  nsnpb2SU2  is  1.10/1.55 
in  KrII  but  11.1/1.5  in  Xell.  It  is  not  presently  clear  why  the  ratios  r.f  analogous 
transition  pairs  differ  so  markedly  from  KrII  to  XcII.  However,  the  effect  is  also 
observed  in  Hrl  and  It  spectra  [24]  taken  by  the  same  methods  as  employed  here 
for  Kill  and  XcII.  That  is.  the  cross  sections  are  comparable  to  a  large  degree  for 
the  spectra  of  the  isoclcct tonic  sequences  KrII,  BrI  and  XcII,  It.  For  the  reasons  given 
above,  we  expect  that  these  results  for  cross  section  ratios  are  correct.  Obviously,  the 
problem  can  be  viewed  in  terms  of  the  transition  matrix  elements.  F'or  the  present  we 
conclude  that  (I)  in  Xell,  transitions  to  the  2Pj ,  J  —  3/2  state  arc  heavily  favored  over 
the  statistical  ratio  of  2/1  for  J  =  2/J  --  4  and  (2)  in  KrII  transitions  to  the  2Pj,  J  —  1/2 
state  arc  slightly  favored  relative  to  the  same  statistical  ratio.  The  physical  reason  for 
this  behavior  is  currently  under  study  in  our  laboratories. 

All  of  the  lines  reported  in  Table  2  for  Kill  were  classifiable  [20,21]  as  transitions 
in  the  level  table  of  Mocmt-  [18]  in  spile  of  the  critical  revisions  of  the  KrII  analysis 
by  Minniiacun,  Stkiiii:!),  and  Pi: rrusoN  [19].  It  is  expected  that  the  same  situation 
will  obtain  when  a  revised  XcII  analysis  is  employed  to  reclassify  our  Xell  results. 
This  result  is  a  significant  fact  for  the  analysis  since  the  observation  of  a  line  by 
the  present  technique  can  serve  as  a  confirmation  of  the  existence  of  the  levels  connected 
with  it  for ,/  <  5/2  [25]. 

In  addition  to  problems  associated  with  the  basic  physics  of  transition  processes, 
the  data  in  fables  I  and  2  have  important  connotations  to  the  study  of  noil-resonant 

(22|  I.Uing  lie’  inn  Km  in  current*  <10  "A  there  i>  le*s  than  I0"„  attenuation  in  pas'inj!  through  the 
collision  chamber.  A*  a  rtfMill.  the  production  deii'ilx  i\  .1  nec.lieihh  'mall  traction  of  the  ncMili.il 
atom  ilcn'tty. 

[2.1 1  .1.  <\  Urn.  1.’  Hni.  Kit.  •!<>. 

j?  I  j  (a)  K.  T.  Slit. 1  xinu  in.  I'h  IV  tliO'is.  Air  force  lii'tilutv  of  Tivlmolopv  ll')7(<) 

(h)  A  compai i-.on  of  isoclootfonic  >cij lienee'  lift  Kill,  II  Xell,  t'  in  preparation 
1 25 1  t  he  author*  are  grateful  to  the  texieuei  for  this  point. 


Charnclci  ization  of  the  luminescence  fioni  low  energy  lie '  ,\c  ami  1 1 c  *  / K r  reactions  7').1 

charpe-transfci  processes.  For  example,  tlio  cross  sections  for  lines  in  the  full  Xcll 
spectrum  [21  |  Inive  been  utilized  to  make  significant  cascading  corrections  (~3()%) 
to  the  emission  spectrum.  By  employing  such  corrections  experimental  determination  of 
the  energy  distribution  in  the  reaction  products  of  lOOeV  lie'*  4-  Xe  collisions  lias  been 
made  [  It).  26|. 


AtkiitmU-Jticiniiu  We  llumk  Iciiin  Cl.  Dkyhix  for  his  preparation  of  the  ink  drawing  for  Pig.  I.  and 
Mrs.  I’m  i  s  Sills  1 1  v  for  tier  capable  typing  of  the  iiiainiscripl. 

|?(i|  I'.  (1.  .Ion i s.  n.  (.'.  I  n,  I .  O.  I  n  unan  amt  li  M.  Ilrmiis.  Distribution  of  internal  energy  in  the 
products  of  lie*  f  \c  reactions;  to  he  submit  led  to  J.  (hem  I'liys. 
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THERMODYNAMIC  PROPERTIES  OF  GAS  PHASE  MOLECULAR  IONS 
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Department  of  Chemistry,  Wright  State  University 
Dayton,  Ohio  45431 


INTRODUCTION 

Thermochemical  properties  of  gas  phase  molecular  negative  ions  have 
been  determined  from  translational  energy  thresholds  for  endoergic 
reactions  in  which  these  ions  are  involved.  Excitation  functions  for  these 
reactions  were  obtained  using  a  tandem  mass  spectrometer.  Three  types  of 
reactions  have  been  studied  —  charge  transfer,  particle  transfer  and 
collision-induced  dissociation.  Previously  reported  experiments  con¬ 
ducted  in  our  laboratory  [1-8]  have  shown  that  reliable  values  of 
molecular  electron  affinities,  bond  dissociation  energies  and  ionic  heats 
of  formation  may  be  obtained  from  such  measurements.  New  data  relating  to 
CO^-  and  Oj”  will  be  presented  in  the  present  paper,  and  results  obtained 
for  several  other  ions  of  interest  will  be  reviewed. 


EXPERIMENTAL 


An  in-line  tandem  mass  spectrometer  previously  described  [1-8]  was 
utilized  in  this  study.  The  projectile  ion  is  formed  in  the  electron- 
impact  ion  source  of  the  first  scage  mass  spectrometer  which  produces  a 
mass  and  energy  analyzed  beam  which  is  impacted  upon  the  target  gas  in  the 
collision  chamber.  The  energy  spread  of  the  projectile  ion  beam  entering 
the  collision  cell  is  about  +0.3  eV  (LAB)  over  the  ion  energy  range,  0.3 
to  about  180  eV  (LAB) .  Pulse  counting  techniques  are  used  to  measure  the 
product  ion  current. 

Projectile  ions  are  produced  by  dissociative  electron  attachment 
using  appropriate  source  molecules  or  by  ion  molecule  reactions  occurring 
in  the  primary  ion  source.  For  example,  Br“  is  produced  by  the  direct 
electron  impact  process,  e  + CH^Br  — > CH3 + Br~  while  O3-  is  produced  in  a 
mixture  of  N2O  and  0^  by  the  sequence  of  reactions,  e  +  ^0  —  >  0"  +  Nj ,  and 
O” +0^— >  0  +  0^-.  Ozone  was  produced  in  these  studies  by  a  Tesla  coil 
discharge  through  O2,  the  excess  O2  being  removed  at  -196°C  [9].  Grease 
free,  mercury  free  vacuum  lines  were  employed  and  the  fresh  0^  was  directly 
introduced  either  into  the  ion  source  or  into  the  collision  chamber,  as 
required. 


Data  Treatment  and  Corrections  for  Ion  Energy 
Dlstrlbut Ion  and  Doppler  Motion 


The  product  ion  intensity  I  (E,  )  is  converted  to  an  observed  apparent 

s  lo 


cross  section  [7] 


<E<J  “  Cl  I  (E  )/Pj/I  (E  ) 
app  io  s  io  t  p  io 


(1) 


lOn  sabbatical  leave  from  The  Hebrew  University  of  Jerusalem,  1976-77, 
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where  Ip(E^Q)  1®  the  primary  ion  intensity,  E^q  is  the  nominal  reactant  ion 

energy  in  the  laboratory  frame,  Pc  is  the  target  gas  pressure,  and  C  is  a 
conversion  factor  based  on  the  intensity  for  the  reaction  0"/N0. ,  for  which 
the  cross  section  is  known. 

Corrections  for  the  ion  energy  distribution  and  Doppler  motion  of  the 
neutral  were  applied  as  previously  described  (2,8).  A  computer  fitted 
excitation  function  based  on  these  corrections,  calculated  using  an 
assumed  threshold  function  was  compared  in  each  case  with  the  experimental 
data.  The  threshold  behavior  of  the  total  cross  section  o  for  collision- 
induced  dissociation  reactions  Is  known  from  theoretical  considerations  (10). 
The  threshold  functions  for  charge  transfer  and  particle  transfer  have  not 
been  predicted  theoretically.  A  model  assuming  a  linear-plus-step  function 
gave  the  best  fit  to  most  of  the  charge  transfer  data  described  here. 


RESULTS  AND  DISCUSSION 


Charge  Transfer 

Excitation  functions  were  obtained  for  the  charge  transfer  reactions 
of  the  projectile  ions  0",  0H“,  S",  SH",  F",  Cl“,  Br",  I",  NH",  C2H~,  NO2 
and  CO3-  with  O3.  The  experimental  data  points,  as  well  as  the  computer 
fitted  curve  for  the  excitation  function  of  the  Br~/03  reaction  are  shown 
in  Fig.  1. 


Figure  1.  Cross  Section  for  the  Reaction  Br  +O3  ♦  O3  +Br  as  a 

Function  of  Translational  Energy.  Points  arc  experimental 

data.  Solid  line  is  the  calculated  "best-fit"  excitation 
function. 
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The  translational  energy  threshold  of  the  linear-plus-scep  function  threshold 
law  employed  for  the  computer  fit  (2.8  eV  in  the  laboratory  system), 
corresponds  to  an  electron  affinity  of  EAfC^)  -  2.3  eV.  Other  projectile 
ions  gave  similar  results  leading  to  an  average  value  for  the  electron 
affinity  of  ozone  of  2.28  +0.1  eV. 

Particle  Transfer 


Considerable  caution  must  be  exercised  when  employing  translational 
energy  thresholds  for  particle  transfer  reactions  in  order  to  calculate 
their  endoergicities .  Many  exoergic  and  therraoneutral  reactions  involving 
negative  ions  were  observed  to  demonstrate  translational  energy  thresholds 
due  to  the  presence  of  energy  barriers  in  their  respective  potential 
surfaces.  Notable  examples  are  the  reactions,  0“(H2,H)0H”,  NH,,“ (H^ ,NN^)H~ 
and  D~(H2,KD)H“.  The  great  advantage  of  beam  experiments  such  as  those 
reported  here  is  the  ability  to  determine  excitation  functions  for  both 
the  forward  and  reverse  steps  of  a  particular  particle  transfer  reaction. 
The  non-existence  of  a  translational  energy  threshold  in  the  exoergic 
direction  ensures  that  the  translational  energy  threshold  in  the  endoergic 
direction  is  equal  to  the  endoergicity .  This  principle  has  been  applied 
in  studying  the  ozone  system  for  which  the  following  particle  transfer 
reactions  were  investigated:  C0^(0^  ,C02)0  3~.  02~(02’0^03~’ 

NOj^Oj.NOjO^-,  NO^C^.NC^O^" .  The  experimental  data  points  and  the 
corresponding  computer  fitted  curve  for  the  reaction  are  shown  in 

Fig.  2.  The  translational  energy  threshold  yields  a  bond  dissociation 
energy  of  D(02-O~)  ■  1.6  +0.1. 


Figure  2.  Cross  Section  for  the  Reaction  COj  +0-)  —  >  O3  +  CO2  as  a 

Function  of  Translational  Energy.  Points  are  experimental  data, 
solid  line  is  the  calculated  "best-fic"  excitation  function. 


Collision- Induced  Dissociation 


Collisional  dissociation  thresholds  have  been  measured  to  obtain  the 
bond  dissociation  energies  and  heats  of  formation  of  molecular  negative 
ions  of  ^0-,  N09-,  J^O-,  C0^~,  O'  and  MO^  .  Rare  gas  atoms,  diatomic 

and  triatomic  molecules  served  as  collision  reaction  partners  in  these 
experiments.  The  corrected  threshold  data  for  CO.-  yield  a  dissociation 
energy,  D(C02~0-)  *2.0  +0.1. 

Data  obtained  for  various  negative  ion  species  using  the  techniques 
described  are  summarized  in  Table  I.  These  results  will  be  compared  with 
similar  data  obtained  in  other  ion-beam,  flowing  afterglow,  flow-drift, 
photodestruction  and  collisional  ionization  studies  (11-16]. 
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The  luminpvrence  tpcctnjrrt  in  the  ranee  from  S?  to  $90  nm  which  r«u!ts  from  collision  of  «  ICO  <V 
btLoa  of  ground  ttate  He'  ioni  *uh  Xc  has  ir.\«ticaicd.  All  observed  emriiioni  can  be  clammed  as 
XcJJ  tran»iiiunv  Corrections  of  the  vpcctra  for  cawjdmg  ;amountu.j  to  about  J0^»  .if  the  total  emission 
crcAS  section)  have  been  made  ift  order  to  dense  crovj  sections  for  direct  pri\Ju*;ion  <;(  Xe’’  m  toe 
btmolecuiif  collision.  Corr.pwvoris  01  the  cross  section  for  radiative  state  production  with  the  total  cross 
sqcqoq  for  eharge  transfer  indicate  that  excited  Xe'*  states  are  formed  with  hi;S  eiTuuncv.  The  •ntemaJ 
enetgy  dtstnbutiofl  of  Xe ‘  *  products  maximum  at  an  energy  corresponding  to  the  ronvemon  of  <  l  cV 
of  tmnsljtiotul  enerj)  sn:o  internal  energy.  For  tne  n:ar*rcwii»nt  cnarje  trar.Mer  reactions  studied,  a 
propensity  to  cohere  me  projection  along  the  tnunva:!car  ms  of  the  total  electronic  angular 
momentum  is  observed.  The  significance  of  the  d^:nbuuon  of  Xe'*  states  end  the  cflecis  of  kinetic 
energy  axe  drvcusscd. 


1.  INTRODUCTION 

The  charge  transfer  reaction  between  He'  and  Xe 

He'*Xe  —  He  *Xe**  (1) 

has  been  a  subject  oi  interest  [or  many  years.  Cross 
sections  (or  total  charge  transfer  ai  collision  energies 
above  100  e V  fn*fs.  1  and  0)  and  below  ICO  eV  (Ref.  3) 
have  been  reported,  based  on  measurements  ol  Xe’ 
product  Ion  currents.  Studies  at  thermal*  and  near- 
thermal1  enercies  indicate  that  this  reaction  has  in  ex¬ 
tremely  small  cross  section.  Heoorts*  ol  extensive 
optical  excitation  in  Xe'  lor  tow  relative  collision  en¬ 
ergies  (<500  eV)  led  to  further  srjdies  of  luminescence 
at  energies  above  300  sV  titofs.  1  and  8)  and  more  re¬ 
cently  below  100 

Comparisons  between  the  cross  sections  (or  total 
charge  transfer  and  (or  production  of  luminescence  from 
this  reaction  indicate  (hat  a  larce  fraction  ol  the  charce 
‘transfer  reactions  produce  notical  excitation.  11  Tho 
elliclency  and  spcciucuy  oi  the  excitation  in  reactions 
ol  tills  type  may  have  loioortant  implications  with  re- 
■cpect  to  the  use  of  charce  transfer  reactions  in  laser 
pumping.  However,  tho  optical  sooctrum  in  the  region 
50-890  nm  procured  at  100  eV  iinoact  energy*  is  a 
very  complex  pattern  of  Xc  w  emissions.  most  of  which 
arise  from  transfer  of  kinetic  m*r.  microal  iMccironic 
energy,  The  number  of  suites  mrecilv  populated  by  the 
Hc'/Xo  charge  transfer  reaction  is  much  greater  than 
tile  number  of  stales  populated  by  it.p  corresponding 
He*/Kr,  He'.  Ar,  He"  No.  or  Hi1'  Ho  reactions. 11  Con¬ 
sequently,  fhc  prouaoilitv  forming  a  given  smte  can 
more  readily  be  currelii'c-d  with  l.ir.otic  (o  internal  en. 
ergy  *  ransfer,  and  with  prelcrreo  .iu.ni"J'n-nic  vranical 
selection  rules  :n  a  statistically  xignitionni  -inner,  for 
the  lle'/Xc  rc.ici.'jii .  These  correlation'!  t'erout  ia- 
eights  Into  charge  translcr  reactions  ur.j  may  uciliiaty 


optimization  of  charge  transfer  reactions  for  laser 
pumping  applications. 

The  emission  spectrum  observed  from  collisions  of 
100  cV  He'  ions  with  Xe, 11  ar.d  a  tabulation  ot  the  clas¬ 
sifications  in  Xo  Lj  s.-.d  the  absolute  emission  cross 
sections1*  have  been  previously  reported.  Ir.  the  pres¬ 
ent  paper,  we  present  and  aiscuss  the  distribution  of 
radiating  stales  of  Xe'*  produced  directly  by  renciior. 

(11  for  100  eV  collision  energies,  or.  the  bas  s  of  the 
previously  measured  emission  cross  sections.14  Cor¬ 
rections  of  the  spectral  data  for  cascading  which  must 
bo  made  in  order  to  derive  the  cross  sections  (or  direct 
production  of  Me"*  In  reaction  (1),  aro  discussed. 

II.  EXPERIMENTAL  *  '  •  ' 

A.  Apparatus 

The  optical  emission  apparatus  used  !o  obtain  tho 
•  mission  spectrum  nnaly7ed  in  the  present  studv  has 
been  described  elsewhere19,1"'' 11  and  s  shown  schenaii- 
colly  in  Fig,  1.  Briefly,  the  apparatus  (unctions  as 
follows.  Projectile  h’o'  ions  formed  by  electron  impart 
are  mass  and  er.eiev  analyzed  and  impacted  on  target 
Xc  atoms  located  in  a  colli.-uon  chamber.  Tvpieal  ex¬ 
perimental  conditions  for  these  experiments  ate  sum¬ 
marized  in  Table  f  and  are  nnpropriatc  for  monitoring 
predominantly  Dimoiecuiar  mo-neutral  events. 

Optical  emissions  produced  in  the  collision  chamber 
are  monitored  over  the  spectral  interval  50-390  nm  in 
Uie  dirertion  of  the  inn  beam,  using  a  McPherson  1-m 
vacuum  nionoct-roir.alor  with  inforchar.geablo  gratings 
and  dc tec  ton. 

B,  Calibration 

The  optical  nystem  was  calibrafcd  fer  fhe  spectral 
range,  450-690  mu,  using  a. i  Mid  calibrated  sti  ip 
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limp.  In  th«  range  250-450  nm,  a  relative  instru¬ 
ment  function  was  calculated  based  oa  tne  relative 
(rating  reflectance  and  photomultiplier  quantum  ef¬ 
ficiency.  This  (unction  was  then  normaiued  at  450  nm 
to  the  absolute  value  obtained  using  the  calibrated  lamp. 

in  the  vacuum  ultraviolet  (vuv)  region,  no  simple 
absolute  calibration  methods  are  available.  Theretore, 
attempts  were  made  to  derive  an  appropriate  caubra- 
/  Uon  function  utilizing  quantum  efficiency  data  obtained  •  , 
/ /  from  the  detector  suppliers.  and  reflectar.ee  *tre 
data  estimated  in  the  following  manner.  Namiona  and 
Hunter31  have  reported  an  absolute  reflectance  o(  4'3 
at  121. S  nm  for  a  gold-coated  grating  blazed  at  30  nm. 
Sampson11  has  further  shown  olaunum  to  have  a  reflec¬ 
tance  of  about  1,4 -1.5  macs  that  of  gold.  On  this  basis, 
and  consistent  with  reports  of  Zaidel  and  Shreider, a 
w*  have  estimated  a  reflectance  of  6~c  at  121.6  nra  for 
the  grating13  used  in  the  present  experiments.  The 
relative  spectral  reflectances  were  interpolated  irom  the 
data  of  Namloka  and  Hunter  at  121.  8.  56.4,  and  30.4 
ant.  As  a  check  of  thie  overall  procedure,  the  experi¬ 
mental  cross  sectioa  for  production  of  Lyman  a  radia¬ 
tion  from  100  eV  He"  collisions3*  was  determined. 

The  value  derived.  0.60MO"14  cm3  compares  iavorably 
with  the  previously  reported  value31  of  0.51  M0'14  cm!. 

It  U  estimated  that  absolute  cross  sections  used  in 
this  study  are  accurate  within  a  (actor  of  3  and  relative 
cross  sections  wttiun  ±303. 

•  III.  APPLICATION  OF  CASCADING  CORRECTIONS 
TO  SPECTRAL  DATA 

A.  Discussion  of  ipectrsl  data  and  assumptions  made  in 
applying  cascading  corrections 

As  already  mentioned,  re  have  presented  in  previous 
reports  the  emission  spectrum'1  and  a  tabulation  o(  the 
absolute  emission  cross  sections'1  (or  radiative  products 
Iron  collisions  o(  100  sV  lie-  ions  with  Xe.  The  spec- 
f  trum  Is  consistent  with  transitions  in  Xe  Ij  arising  Irom 
the  radiation  o(  Xe'*  products  (ormed  in  (lie  reaction. 

None  o(  the  observed  emission  lines  could  be  positively 
f  Classtiled  ad  transitions  in  Xe  J.  As  noted  in  our  earlier 
communication.  ‘  this  is  w  disagreeroeni  with  'he  pre- 
/  vtous  studies  ot  De  Heer  cl  al , ,  *  who  reported  Xe  I 


resonance  lints  produced  from  the  Ho'/Xe  reaction  at 
higher  collision  energies.  More  recently  we  have  re¬ 
examined  emissions  from  this  process  in  the  spectral 
range  from  120-150  nm.  We  (md  that  at  X  *  147  nm  the 
Xe  1  resonance  Unt  is  present,  but  only  under  higher 
collision  chamber  pressures.  In  (act,  the  intensity  of 
this  line  was  observed  to  vory  as  the  square  of  the  Xe 
atom  concentration  over  the  range  from  0. 1  -  7.0  ratorr. 
It  appears  that  this  excitation  results  from  a  two-step 
process  involving  the  formation  ot  fast  helium  metastables, 1 
orXe*  metastible  ions,  which  subsequently  collide  with  Xe. 
These  observations  confirm  the  higher-order  pressure  ef¬ 
fects  reported  by  De  Heer  el  at.1  No  effects  of  resonance 
absorption  were  detected  over  the  pressure  interval 
studied. 

On  the  basis  of  Xe  g  line  classifications14  and  the 
measured  emission  cross  sections,  we  have  corrected 
the  He'/Xe  spectral  data  (or  cascading,  mailing  the  fol¬ 
lowing  assumptions. 

(1)  All  o;  deal  emissions  occur  isotropically  without 
polar  nation. 

(2)  Luminescence  at  wavelengths  >890  r.n  is  not 
significant  under  the  experimental  conditions  employed 
here. 

(3)  All  excited  species  formed  in  (he  collision  have 
radiated  within  10"*  s  Ions  with  lifetimes  longer  than 
10'*  s  can  diffuse  out  of  the  viewing  region  without  being 
drtected.  Typical  measured  lifetimes3’  of  radiating 
Xe'  states  are  10'*  s. 

TABLE  I.  Experimental  conditions  and  parameter!  (or  optical 
emission  experiment!. 


Reactant  ion  formation 
He'  ion  energy  (leb.  ell 

He*  Ion  kinetic  energy 
epreid  (PAUM,  eV) 

Primary  He"  current  loAl 

Collision  chamber  pres* 
eure  ImTorrl 

Collision  | is  temperature 
OO 

Ian  path  length  in  collision 
chamber  icml 


Magnetic  Helds  In  coUlelcei  <  1 
chamber  (G) 

Electric  fields  In  collision  <0. 
chamber  (V cm'1) 


TO  eV  (electron  Impact) 


Direction  ot  photon 
detection 

Mooocbrometor  entrance 
allt  width  imml 

Photon  detection 


Croee-nectlon  dotcctloo 
limit 


In-line  with  Ion  beam 

1.9  'low  resolution) 

9. 1  thigh  resolution) 

•ingle-photon  counting  ihSR  1 110) 
ruv  Rendu  Channeltron 

EMR  511-F,  Lit’  window 
VTS:  RCA  C31034A  .'195  h> 

0.3*  tO*14  era’ 


-v  /y/v 
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TABLE  H.  Total  cro*8  ttctlon*  for  emiMioo,  cascading,  and 
direct  formatted  for  etch  Xe**  level  produced  from  reaction* 
of  100  eV  He*  wim  xe. 


X.  i  ' 

•tat* 

deetfnaUoo 

a/t 

l«V) 

Crot*  section*  |10*14 

cm?) 

Total 

emlnloQ 

<».l  ( 

Caecidlng 

«7.>l 

Direct 

forma¬ 

nt 

*P,lP\n 

-12. a# 

ooo  radiative 

191. 

0 

sp"p\n 

-11.15 

ooa  radiative 

50 

a 

*p4  ‘*1/1 

-1.19 

12. 6 

9 

12.6 

«•  >»/» 

-0.92 

16.5 

15.1 

1.4 

«.4PV, 

-0.47 

10  6 

12.0 

-1.6 

6,%, 

♦0.09 

29.5 

1.2  (0.4) 

27.3 

M  '*>>/) 

-0.  62 

0 

2.6 

7 

-0.63 

12.7  (12. T\* 

1.7 

11.0 

«4®vi 

-0.55 

6.0 

1.3  (0.6) 

4.7 

,«4*./t 
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Direct 
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4.0 

T‘P,n 

4.06 

0 

0 

0 

1»‘Pin 
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‘Enthalpy  change  tor  the  reaction  He'-Xe— He*Xe'*. 

*Tbe  symbol  0  under  c,  column  indicates  mat  so  emuuca  line* 
from  the  level  were  observed  in  me  sweet nur. .  The  ivmool  o 
Oder  c,  column  indicates  that  no  cascade  Uses  mm  the  level 
vsri  observed  m  the  emusioo  spectrum,  value  enown  in 
porontbeaic  indicates  toe  conn  to  wruen  the  cross  eecttoo 
-  has  bees  estimated.  iSee  K«j.  ls.i 
*1  be  preeaot  iruav  provides  no  direct  measurement  al  ibis 
value.  Estimates  have  oetm  mao*;  tee  text. 

♦There  Is  aa  uscrrtaincv  oi  »  la.  7  in  these  value*  bectuee  of 
the  unresolved  trunnions,  jp  jp'P\/ . 

i-W  'P,n-  Tabulated  values  assume  equal  contribution  Iron 
each  tract l Hoc 

•Thera  Is  an  uaceruuntr  ol  sT.  8  in  these  values  because  of 
tbe  tmreeolved  traneititjoa:  ip  jp‘P\/: 

— %»‘1Din.  TanuUted  values  assume  oouil  contribution  from 
-each  uassitloo. 

(4)  The  radiation  observed  is  adequately  resolved 
and  correctly  classified. 

(5)  The  cross  section  lor  direct  formation  of  level  i, 


(o,),.  (he  cross  section  (or  emission  from  level  i,  (a-.), , 
and  the  cross  section  (or  cascading  into  level  i,  (<r,)| , 
are  related  by  'he  expression, 

(it,),*  2  */.i-2  .  (2) 

!  a 

where  »<.,  Is  the  emission  cross  section  from  level : 
to  any  lower  level  j,  and  a,.,  is  the  cross  section  tor 
cascading  Into  level  i  from  any  higher  level  k. 

Table  II  summarizes  the  values  obtained  for  <r„ 
and  o,  lor  the  dilferent  Xe’*  levels.  The  Xe**  levels  In 
Table  Q  are  donoted  by  the  L-S  designation  o(  Moore,** 
even  though  the  coupling  fo^Xe  U  is  not  pure  L-S.  Only  *" 
two  selection  rules,  XI  *(^ind  *ven  "—odd,  have  been  thu-c;ii 
used  to  deduce  the  line  classifications,  because  these 
rules  are  applicable  tor  dipole  radiation  with  J-J  and 
L-S  coupling.*' 

The  extent  to  which  the  cross  sections  in  Table  n  are 
uncertain  Is  given  in  parentheses.  This  is  based  on 
estimates  (rom  the  emission  spectrum. '*  The  enthalpy 
change  for  reaction  (l)  which  corresponds  to  formation 
of  the  speclUc  product  states  listed  is  also  in  Table  II. 

As  can  be  seen,  only  the  tlrst  lev.-  stales  are  f/iermo- 
clumicaUy  accessible  (or  collisions  occurring  at  ther¬ 
mal  energy. 

B.  Cases  where  cross  sections  for  cascading  contributions 
nosed  the  total  em-iion  cross  section 

Since  large  errors  can  arise  In  taking  the  difference 
between  numbers  of  similar  magnitude,  negative  cross 
ssetlons  In  Table  a  are  considered  to  be  zero  within 
experimental  uncertainties.  Two  of  the  most  important 
states'*  radiating  vn  the  vuv  are  Dopulated 

mostly  via  cascading  from  higher  energy  states,  so  the 
cross  sections  for  direct  excitation  are  nearly  zero. 

This  finding  agrees  with  results  obtained  by  De  Hear 
it  al .,*  under  different  conditions,  and  U  confirms 
the  relative  accuracies  of  our  optical  calibrations. 

Emissions  from  long-lived  states  are  not  efficiently 
detected  under  the  experimental  conditions,  for  ex¬ 
ample.  five  of  the  states  listed  in  Table  li  (Sd'fX/r. 
id'F,„,  id*Fvt,  %d*Ful,  and  5d"f,/,)  are  nonradta- 
tlve  under  the  presont  conditions.  Radiation  from  lour 
of  these  states  is  electric -dipole  forbidden,  and  radia¬ 
tion  from  id'Fi/t  t0  the  gropnd  state  is  not  found  in 
this  study.'0  Each  of  these  states  can  be  populated  by 
cascading  from  higher  levels,  and  significant  popula¬ 
tion  inversions  can  occur.  These  studies  provide  infor¬ 
mation  about  their  population  by  cascade;  however,- 
since  no  information  concerning  their  direct  excitation 
1*  available  the  term  '*?"  is  used  under  column  a,  in 
Table  U  lor  these  cases. 

C,  MsgmUids  snd  uncertainty  of  cascading  corrections 

Corrections  to  the  lolnl  observed  emission  cross  sec¬ 
tion#  for  o,  amount  to  approximately  30'.  On  the  aver¬ 
age,  states  o(  Xe'*  with  total  angular  momentum  quantum 
number  J  ol  ;  and  ’  are  populated  significantly  by  cas¬ 
cading  (>3CT0),  whereas  cascading  corrections  io  Xe'* 

(J  »  J)  states  are  almost  negl-gible  (c'i'o).  As  a  result. 


j  Jorvct,  Tiki nan,  Fee,  ano  Hughes: 

trot s  Mctlona  determined  (or  direct  formation  o(  Xe** 
(tales  closely  approximate  those  measured  lor 
.total  emission  (rom  the  original  spectrum. 

The  cross  section  (or  directly  forming  Xe**  U * 
sates  which  have  large  emission  cross  sections  and 
very  small  cascading  corrections  can  be  determined 
with  a  relative  accuracy  close  to  that  cited  (or  the 
•mission  cross  section  There  will  be  larger 

uncertainty  In  most  of  the  other  derived  direct  forma¬ 
tion  cross  sections,  however,  since  each  cascading 
cross  section  listed  in  Table  U  represents  the  sum  of 
an  many  as  (lve  individual  emission  cross  sections,  it 
Is  thus  difficult  to  assess  the  magnitude  of  the  errors 
(or  much  ol  the  dau  presented  In  the  last  column  of 
Tibia  Q. 

There  are  also  errors  in  the  reported  cross  sections 
(or  emission  and  cascading  (indicated  by  the  estimated 
numbers  ui  parentheses)  which  are  due  to  insufficient 
optical  resolution  in  the  experiments.  The  latter  pre¬ 
vents  unambiguous  classification  of  some  o(  the  lines 
In  the  original  spectrum.  The  two  most  serious  cases 
tra  outlined  In  the  footnotes  of  Table  11.  In  each  case 
tha  two  classifications  (or  the  observed  lines  were 
assumed  to  be  equally  valid,  and  both  transitions  were 
assessed  as  having  equal  weight. 

IV.  RESULTS  AND  OISCUSSION 

A.  Comparison  of  the  total  reaction  crosj  section  with 
grots  section  for  forming  radiative  Xe*  *  states 

The  total  crosa  section  for  the  direct  production  of 
ndUtlve  Xe**  states  la  reaction  (1).  (or  100  eV  He* 
kms.  Is  2.7x10*'*  cm;.  This  represents  a  lower  limit 
to  the  total  change  transfer  cross  section  because  tha 
extent  of  production  of  nonradiative  excited  states  in  the 
reaction  is  unknown.  The  total  charge  transfer  cross 
MCtton  reported  by  Maier1  at  the  same  energy  is  10.  5 
X| (T3*  cm1,  whereas  Koopman:  has  obtained  a  value  of 
MxlO*1*  era*.  The  total  cross  section  for  formation  of 
radiative  Xe**  sates  is  therefore  about  one -fourth  the 
AMI  surge  transfer  cross  section  indicated  by  Maier's 
tflWi,  tot  the  analogous  He',  Kr  reaction  under  the 
MAS  experimental  conditions,  we  have  measured  a  total 
6/ott  Section  for  radiative  Kr’*  production51  which  Is 
Sflpfbrtimatelv  one-quarter  to  one -third  ol  Maier’s 
WS  (Ti*  total  charge  transfer  reaction.3  This 
£ArM  be  interpreted  as  indicating  that  there  is  a  con- 
rfWtfnf  f  jrittlriillgn  factor  difference  between  our  data 
Muier  and  that  ail  He'  reactions  result 
tfficHSd  Xe‘*  state  Inrmation.  There  is  evidence 
fly H  ffiS  ground  state  Xc’tSb'  ,1  and  first  excited 
*$«*«'*  (5n,,^,,l  arc  not  tormca  in  the  reaction  at 
lQ5iW-*(fr£ffrsl  ‘‘tiefglcs.1"’  For  interactions  at  100  eV, 

1(  IS  fidt  known  how  much,  if  any. 

&*’(S  16  Inrmcd  in  reaction  ill.  In  any 

(4i6;  If  tin  bo  stated  with  certainty  that  a  large  frac- 
&6A  Si  foe  He’  Xe  fvactions  produce  excited  Xe'*  levels. 

&‘6s£qa#n!  'o  fllfeCt  excitation,  most  excited  states 
pfSOaetd  In  f*Seh«iu  ( 1 1  eventually  radiate,  reaching 
ilief  i  /£*  sequehCM  the  Xe'IS/t'3^, states.  The 
todl  iaicadlng  terms  listed  in  Table  U  for  me  ground 
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ENERGY  of  Xe**  LEVELS  (I0scm') 

PtO.  2.  Dashed  lint:  histogram  ot  the  total  cross  section  lor 
•mission,  a,,  from  Xe’*  levels  lvlng  within  5  000-cm"'  .nter- 
vmls,  as  a  function  of  the  energy  of  the  radiating  states  tormea 
la  reaction  of  100  eV  He'  tons  with  Xe.  Solid  Use:  histogram 
ol  of,  the  total  cross  section  for  direct  proauctlon,  in  100  eV 
HsVXs  collisions,  of  Xs'*  levels  lying  wiihlo  JOiHt-cm'1  inter¬ 
vals,  ss  a  function  of  the  energy  ol  the  radiating  states. 

and  first  excited  sates  indicate  that  Xe*(*,P;/})  and 
Xe'l are  populated  (after  most  of  the  emissions 
are  completed)  approximately  in  the  rano  of  4/1. 

B.  Distribution  of  the  radiative  Xe*  *  levels  formed 

Spectroscopic  analysis  of  the  excited  products  formed 
in  collisions  of  100  eV  He'  ions  with  Xe  shows  that  the 
excitation  is  exclusively  in  Xe'*  and  that  reaction  il), 
the  charge  transfer  process,  is  the  dominant  reaction. 

As  a  result  of  this  spectroscopic  information,  the  charge 
transfer  process  can  be  represented  more  specifically 
by  the  reaction 

He*(*51/t)  »Xe('Sj)—  He(l5«)  ♦  Xe**  .  (la) 

There  is  the  possibility,  under  70  V  electron  impact 
conditions,  of  producing  He’*  metasable  ions.  We.do 
not  observe  significant  spectral  changes  using  50  V  elec¬ 
tron  impact:  hence,  we  assume  that  their  contr.bution 
to  the  reactant  He*  ion  beam  is  negligible,  in  adaition. 
none  of  the  observed  luminescence  arising  (rom  bi- 
rooleculnr  reaction  could  be  positively  classified  as  He  1 
or  He  U  lines.  Formation  ol  the  metastable  state  ol 
He,  being  endothermic  by  more  than  19  eV,  is  not  con¬ 
sidered  significant. 

It  is  useful  to  represent  the  distribution  of  Xe‘* 
levels  produced  in  reaction  (la)  by  a  series  of  histo¬ 
grams.  Such  a  histogram  is  presented  in  Fig.  2.  where 


FIG.  3.  Histogram  of  the  Dumber  ol  Xe*  radiating  states  <Xl<) 
I^nf  vlthlo  each  JOCO^cm'1  /  -:«rgy  laiervai  as  &  runcrico  ot 
the  energy  of  the  radiating  states. 


»«*IiWii  the  total  cross  section  for  emission  from 
states  i  of  Xe**  (within  a  senes  of  arbitrarily  selected 
5000-cm*1  intervals!,  is  plotted  as  a  function  of  the 
energy  of  the  radiating  states.  l..e  summation  is  over 
all  radiating  states  which  lie  within  eacn  5  000-cm*1 
Interval.  Similarly,  the  total  cross  section  c,*3,(<7«). 
lor  direct  population  of  radiating  states  ot  Xe'*  lying 
within  these  energy  intervals  ia  also  plotted  in  Fig.  2. 
The  difference  between  the  two  histograms,  within  each 
energy  Interval,  represents  the  correction  to  the  total 
emission  cross  section  arising  from  cascading  contri¬ 
butions.  It  can  be  seen  that  the  magnitude  ot  thee*  cor¬ 
rections  is  a  greater  fraction  of  the  total  emission  cross 
section  for  the  lower-energy  states,  that  is.  those 
radiating  in  the  vtiv  spectral  region.  The  total  cross 
•ection  for  production  ol  states  of  Xe'*  tying  wtttun  the 
•  /  energy  region  100000  *U5  000  cm'1  in  reaction  (la)  is 
obviously  large.  Hence,  the  total  emission  cross  sec¬ 
tion,  a,,  is  greatest  (or  states  within  this  interval. 

The  amount  of  eoergy  available  m  reaction  (la)  for 
thermal  energy  reactants  is  12,46  eV  IRef.  32)  or 
100  500  cm'1  (1  eV«8068.3  cm'1).  This  quantity,  shown 
by  an  arrow  to  Fig.  2.  represents  the  maximum  amount 
of  energy  tnat  may  be  deposited  in  Xe*  in  the  absence 
of  translational  to  internal  energy  conversion.  Clearly, 
formation  ol  the  maiority  of  the  product  X*'*  ions  ob¬ 
served  In  the  present  study  requires  the  conversion  of 
some  translational  energy  into  internal  energy.  The 
’  y  quantity  of  energy  transferred  m  reaction  tlai  at  100 
eV  Impact  as  shovTn  in  Fig,  2  can  exceed  50  000  cm'1, 

•  l.e.,  “8  eV,  althouch  the  most  probuole  quantity  of 

•nergy  transferred  is  in  the  rangj  ol  0-1  eV.  There  is 
t  suggestion  in  the  data  shown  in  Fic.  2  of  s  second 
maximum  in  the  vicinity  ol  120  000-130000  cm'1,  cor¬ 
responding  to  the  transfer  of  "  3  eV  ol  energy. 

In  Fig,  3,  the  total  number  of  radiating  Xe‘*  states. 
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Jitfi,  where  £,  ts  the  degenetfiay  ot  the  ilh  tevel,  is 
plotted  as  a  function  of  the  energy  ol  (he  radiating  states 
for  each  of  the  same  intervals  selected  In  Fig.  2.  tn 
Fig.  4,  the  nrerage  cross  section  per  radiating  state, 

5„  for  direct  formation  of  Xe'*  states  is  plotted  in  a 
Similar  manner.  The  latter  term  is  defined  by  the  re¬ 
lation  at  'u)?i .  where  g,  is  the  degeneracy  of 

tth  state  and  the  summation  over  i  covers  all  radiating 
states  within  the  energy  interval  (5  000  cm*'V,J  The 
representation  in  Fig.  4  takes  into  account  the  large 
variations  in  the  density  of  states  which  occur  within 
the  energy  intervals  of  the  histogram. 

By  plotting  the  data  as  shown  in  Fig.  4,  Xe**  states 
having  excitation  energies  in  the  range  100000-105  000 
em‘l  are  shown  to  be  preferentially  formed  in  reaction 
(la).  The  second  maximum  in  Fig.  2  (which  was  men¬ 
tioned  above)  does,  not  appear  in  Fig.  4,  indicating  that 
it  is  a  consequence  of  the  greater  density  of  Xe'*  states 
In  that  region.  The  maximum  in  (he  distribution  occurs 
in  the  region  ol  near -resonance  see  arrown'  in  Fig.  4). 
This  result  is  generally  consistent  with  the  adiabatic 
principle11  which  predicts  a  maximum  reaction  cross 
section  at  low  collision  energies  only  (or  states  in  the 
vicinity  of  resonance  (that  is.  states  lying  near  100  500 
cm*1).  As  noted  earlier,  exothermic  channels  for  re¬ 
action  <ll)  can  only  produce  states  ol  Xe**  with  energy 
below  100000  cm'1,  and  it  is  quite  clear  (rum  Fig.  4  that 
such  exothermic  channels,  although  available,  are  con¬ 
siderably  less  important  than  endothermic  channels  at 
the  reaction  energies  employed  here  (luO  eV  He'  impact). 

C.  Distribution  of  Xe*  *  quantum  states  formed 

The  following  observations  can  be  made  concerning 
the  distribution  of  quantum  states  ol  Xe'*  produced  in 
re»ctiou  (la). 


FIC.  4.  Histogram  ot  1,,  the  crosa  seetton  averpced  per 
radiating  stats  lor  direct  production  jl  stoics  ■><  Xe**  King 
within  5  000-cm"  iBU.-vsis  in  resettoo  o<  100  »v  He'  ions 
■with  Xe. 
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F10.  J.  Hlstogrsms  ol  ihe  cross  section  in  reaction  of  100  «  V 
II*'  too*  wit 'a  Xe  (oi  producing  even-  or  oad-partty  states  o( 
X«**  ss  *  function  of  me  eoergv  ol  me  radiating  stales.  The 
cross  section  is  sverseed  per  radiating  stale  of  either  even  or 
odd  parity  within  jOuO-cm*'  intervals. 


1.  Total  spin  IS)  and  total  electronic  angular 
momentum  IL) 

For  the  heavy  Xe'  Ion.  neither  S  nor  £  are  valid 
quantum  numbers. 

2.  Parity 

For  all  level*  ol  Xe**.  the  parity  is  well  defined.  A 
comparison  ol  the  distributions  of  sates  with  even  and 
odd  parity  is  shown  in  rig.  5.  The  comparison  is  m- 
Talid  in  the  interval 90000-110000  era'1  (because  there 
are  no  odd-parity  Xe'*  levels  within  this  region),  but  m 
the  intervals  where  both  even-parity  and  odd -parity 
sate*  exist,  there  does  not  appear  to  be  a  preferred 
reaction  channel  based  on  the  parity  ol  the  Xe**  product 
Ion*. 

3.  Total  angular  momentum  tJ) 

In  the  vicinity  of  near -resonance,  sates  of  Xe**  with 
total  angular  momentum  quantum  number  J  -  l  are  pre¬ 
ferentially  populated.  The  cross  section,  averaged  per 
itate,  for  directly  forming,  via  reaction  >. la),  levels  of 
Xe**  with  total  angular  momentum  quantum  numbers  of 
i,  },  and  J,  respectively  are  plotted  in  the  histugmm 
format  in  Fig.  5.  The  ordinate  for  the  upper  histogram 
l*  (ff«.i/i)i  “•(cwt'i  .  where  (o, is  the  cross  sec¬ 
tion  lor  directly  forming  me  ith  level  having  J  «  J  in 
reaction  (la).  (g,,,),  is  the  degeneracy  of  the  <th  level 
having  »/•),  i.e.,2,  and  the  summation  is  carrieo  out 
over  all  radiating  states  within  the  interval.  States  of 
Xe**  with  J  *  j  wmch  lie  in  the  vicinity  ol  near-reson¬ 
ance  tor  the  reaction  arc  formed  with  relatively  higher 
probabilities  than  (hose  in  other  energy  regions.  Slates 
with  ./•  j  are  also  lormca  preloreniially  in  the  same 
energy  region*,  but  there  qoes  not  appear  to  be  any 


such  behavior  tor  states  with  J*  },  and}-,  respective- 
ly  (the  latter  two  are  not  shown  In  Fig.  6,  but  see  Table 

a). 

Production  of  Xe**  (J  =  J)  stales  near  resonance, 

1b  which  very  little  (<  1  eV)  translational  to  Internal 
energy  conversion  takes  place,  is  exemplified  by  the 
formation  of  Xe*(6s  *PW,), 

Hs*(*Sl/t)  ♦Xe(,S#)*0.09  eV 

•  HeCs,)*Xe*(‘P1/Irf  *  ,  (lb) 

From  Table  U,  it  can  be  seen  that  reaction  (lb)  has  the 
largest  cross  section  o(  any  reaction  producing  lumines¬ 
cence  in  this  system.  Hus  reaction  channel  is  only 
slightly  endothermic  and  is  within  0.09  eV  ol  being 
resonant.  It  is  clear  from  the  data  in  Table  U  that 
under  the  relatively  low  pressure  collision  conditions 
employed  in  the  present  study  (which  ensure  that  pre¬ 
dominantly  btmolecular  ion-neutral  events  occur), 
charge  transfer  reactions  are  highly  specific  in  popula¬ 
ting  certain  levels  of  Xe**.  This  is  in  snarn  contrast 
to  the  behavior  observed  in  afterglows,  as  indicated  by 
the  spectra  obtained  for  He/Xe  mixtures  at  much  higher 
pressures.  For  example,  Shuker  etc!, a  reported  en¬ 
hanced  Xe  E  emission  in  afterglow  experiments  due  to 


FIG.  9.  Histogram!  of  the  cross  section  In  reaction  of  100  tV 
He'  ions  with  Nc  for  producing  Xe’*  u .  j,  j,  J)  ss  a  luncuon 
of  llu-  energy  ol  Hie  rnuiating  slates.  The  cross  section  is 
averaged  per  rodlottng  sue*  with  J  ■*  ),  ),  or  j  within  J  000- 
cm'1  lntervsls. 


Jofwi,  Tiernan,  Fm,  and  Hughe*:  Reactions  oMOO  eV  He*  with  Xe 


me  presence  of  He,  but  the  broad,  nonspecific  enhance¬ 
ment  ol  alt  Xe'*  levels  which  (hey  observed,  led  them 
to  conclude  that  the  enhancement  did  not  urine  from 
charge  transfer  processes. 

It  should  be  noted,  at  this  point,  that  ali  of  the  con¬ 
clusions  discussed  above  are  drawn  from  the  cross  sec¬ 
tion  data  presented  in  Table  U,  The  inability  to  spectro¬ 
scopically  resolve  some  of  the  transitions,  as  already 
mentioned,  results  in  some  uncertainty  for  the  cross 
sections  deduced  tor  direct  formation  of  specific  sates, 
but  the  validity  oi  the  general  conclusions  ls  unaffected. 

To  summartre  then,  the  conclusions  from  Figs.  2-6 
are  as  follows.  The  reaction  of  He'  with  Xe  at  100  eV 
tends  to  populate  specific  levels  of  Xe'*  near  the  energy 
resonance  for  the  charge  transfer  reaction.  The  most 
probable  reaction  channels  involve  the  transfer  of  some 
small  (<l  eV)  amount  of  translational  energy  (D  into 
internal  energy  (I).  In  the  vicinity  of  near-resonance, 
states  of  Xe**  with  total  angular  momentum  quantum 
number  J »  J  are  preferentially  populated. 

u  . 

D.  Total  production  of  Xe*  *  in  selected  J  levels 

The  total  cross  sections  for  directly  forming  Xe** 
states  with  J «j,  j,  },  and  »  are  1.0,  0.7,  0.7.  and  0.2 
xlO*ucm1,  respectively.  The  larger  total  cross  sec¬ 
tion  for  forming  J  *  $  levels  is  consistent  with  the  peak 
near  resonance  as  shown  in  rig,  8. 

In  Fig.  7  the  total  cross  sections  divided  by  the  total 
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TOTAL  ANGULAR  MOMENTUM  of  Xe*  * 

rid.  7.  Total  cross  section  ior  production  o(  Xe'*  (»  <  J,  J, 
)•  j",  ft  In  collisions  ol  IUO  cV  lie'  ions  with  Xe.  The  cross 
section  It  iveraued  per  total  number  ol  ilatcs  ol  rsen  J. 


number  of  sates  of  each  J,  are  plotted  as  a  function  of 
the  total  electronic  amjular  momentum,  J ,  of  Xe” 
formed  in  reaction  (l).  Figure  7  again  indicates  that  the 
most  probable  reaction  under  100  cV  collisions  involves 
the  formation  of  Xe**  W*  t).  At  large  wternuclear 
separations,  the  total  electronic  angular  momentum  o( 
the  approaching  system  is  given  by  * 

♦  J,„,lHe*).  For  reaction  (la),  this  reduces  to  gv/,,,,), 

*  J,„,(He*)  *  $.  Similarly  for  the  separated  products, 
the  total  electronic  angutnr  momentum  is  given  by 
Wsiss^r*  J.i.«(Xe*)*J,„tlHe).  For  reaction  (la),  this 
reduces  to  (•/„,,)/* •/,!,, iXe’l.  For  the  most  probable 
reactions,  particularly  near  resonance,  o’„„(Xe'l »  1. 
or  OJ#1,t»0.  That  is,  there  is  no  change  m  the  total 
electronic  angular  momentum  quantum  number  during 
the  collision.  According  to  the  selection  rules  de¬ 
veloped  by  Kronig:‘  lor  radiationless  processes  such  as 
cnarge  transfer  reactions),  iW„,  «0  where  is  the 
total  angular  momentum  quantum  number  ol  the  system. 
It  follows  that  the  production  ol  Xe'U  =  l)  states  dors 
not  require  transfer  of  angular  momentum  ol  the  col¬ 
lision  Into  electronic  angular  momentum  ol  one  of  the 
separated  products.  For  collisions  of  100  eV  He'  ions 
with  Xe  in  a  reaction  cell,  the  angular  momentum  Jtt!1, 
associated  with  the  collision  is  not  well  defined,  because 
processes  with  a  wide  range  ol  impact  parameters  are 
sampled.  However,  lor  the  reactants.  Jc„,  is  very 

glares  compared  to  .  The  preponderance  of  Xe** 

product  states  for  near-resonant  processes  in¬ 
dicates  that  there  is  no  significant  transfer  of  collisiona! 
angular  momentum  into  electronic  angular  momentum  oi 
the  product  Xe'  ion.  This  result  is  consistent  with  the 
occurrence  ol  "long-range"  processes  involving  rela¬ 
tively  weak  interactions  and  small  amounts  of  transla¬ 
tional  (T!  to  internal  i J)  energy  t T—  I)  conversion.  It 
would  appear  that,  although  the  initial  cotUsional  angular 
momentum  can  be  very  Large,  it  is  difficult  'o  transfer 
the  latter  into  internal  angular  momentum  of  the  atoms 
within  the  short  tune  period  and  at  the  tong  Interaction 
range  which  are  characteristic  ol  the  collision. 

The  possibility  of  transfer  of  the  cvlllslonal  angular 
momentum  ls  greatest  for  low-impact-parameter  or 
short-range  processes  in  which  the  particles  can  pene¬ 
trate  io  the  region  where  the  potential  is  highly  re¬ 
pulsive,  In  'his  region,  the  ion-neutral  interactions  are 
strong  and  the  relative  velocity  of  approach  becomes 
small.  Under  such  "short-range"  conditions  there  is  a 
higher  probability  ior  transfer  of  translational  into 
Internal  energy.  The  magnitude  ot  energy  transfer 
T—  1  for  the  He'  Xe  system  can  be  seen  in  Fig.  Sla), 

In  which  reaction  probability  (per  available  radiating 
Xe'*  s&tetl  is  plotted  as  a  function  of  the  extent  of 
kinetic  energy  transfer.  Clearly,  the  most  prouab'e 
reactions  involve  a  minimum  amount  ol  enercy  trans¬ 
fer.  in  Fig.  8(b).  rotative  reaction  probability  m  plotted 
as  a  Junction  ol  the  extent  ol  angular  momentum  trans¬ 
fer.  It  should  be  noted,  however,  that  the  latter  histo¬ 
gram  is  only  an  approximate  representation  ol  ancutar 
momentum  transfer,  since  ;t  is  assumed  that  for  all  col¬ 
lisions,  the  angular  momentum  transferred  in  the  col¬ 
lision  has  a  projection  along  the  intcrnuclear  axis  in 
the  same  direction  as  the  projection  of  JlXe'b 
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FlO.  a.  (»)  Raietton  probebllttv  ip*r  available  radiating  Xe** 
atata),  la  collisions  of  100  eV  He*  100a  with  Xe.  aa  a  function 
oS  kinetic  to  Internal  energy  conversion.  (bl  Data  of  Fla.  7 
t  repreeented  aa  reaction  oroosblllty  (per  available  radiating 
.  Xe**  eta  tel  in  colllaiopa  of  lou  eV  He*  loaa  with  Xe  aa  a  tunc- 
Uoc  of  coUlalonal  to  internal  angular  momentum  transit r. 

/  This  plot  la  a  true  repreaentattan  onlv  if  the  protection  alone 
lb*  lncernuclear  axis  o(  the  colllaional  annular  momenturn 
transferred  and  J  (Xe*1  vectors  have  the  same  direction. 


Thar*  la  further  experimental  evidence  from  ton- 
atom  reactions  which  indicates  the  conservation  of 

Blondi  and  co-workers  found  that  tor  the  He'/Hg 
wyatem  at  thermal  energies  tnere  is  essentially  equal 
probability  of  producing  Hg**  ui  the  ~p‘P ,/j  and  "<p'Pl/t 


TIC.  10.  Kinetic  energy  dependence  of  aelected  Xe  11  emtaaton  ^ 

Unet  produced  In  coUiaiona  of  He*  lona  with  Xe.  97.3  nm 
fSp^P}/,  — 6a  :PViK  98.  9  om  i3pJ  — 6r 'Pi/j),  109.3  nm 
«PUH/t--M‘D»/i.  Sp,,Pt/|-U!Pi/j).  107.5  am  (5p* *Pj/ 1 
—  *e‘Pi/j). 

states,  despite  the  fact  that  the  reaction  to  produce 
the  latter  is  almost  0.5  eV  less  exothermic  tor  ground- 
slat*  reactants.1’  In  addition,  no  other  Hg**  states  with 
,/>$  were  observed  In  this  reaction,  at  thermal  ener¬ 
gies,  although  several  exist  in  the  energy  region  be¬ 
tween  the  Tp*P,/i  and  7P:^i/»  states  of  Hg*.  Apparent¬ 
ly  this  observation  is  also  an  indication  of  the  low  prob¬ 
ability  of  transferring  colllsional  into  electronic  angular 
momentum,  similar  to  that  suggested  by  the  results  of 
the  present  study. 

E.  Effects  Of  changing  collition  energy 

The  product  distributions  discussed  previously  per¬ 
tain  to  100  eV  He*  Xe  collisions.  Although  we  have  not 
carried  out  a  complete  analysis  of  the  emissions  at  lower 
kinetic  energies,  we  have  monitored  the  energy  depen¬ 
dence  of  most  of  the  maior  lines.  Common  behavior  for  / 

all  of  the  observed  lines  is  a  tow -energy  (2  eV)  kinetic  * 

energy  threshold  consistent  with  that  indicated  by  studies-  t^i1- 
of  the  behavior  of  the  total  charge  transfer  cross  sec¬ 
tion.  *•*  The  results  of  the  kinetic  energy  dependence 
experiments  are  summarized  in  figs,  9-11.  In  Fig.  9, 


H,*  CNgMY  ItV.L**) 


FIG.  11.^  Kinetic  energy  dependence  o(  48*;.  53  nm  Xe  II  line 
(fu  *P|/j  *  r»p  /2).  produced  in  collisions  >j(  4e*  ions  with  Xc. 


TIG.  9.  Luminescence  La  the  vuv  spectral  rtcion  arising  from 
eailletocs  of  10,  14,  20,  aad  l$o  *v  He*  Iona  with  Xc. 
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several  vuv.  spectral  scans  at  different  collision  ener- 
‘(les  are  shown.  Obviously,  the  same  levels  of  Xe*’  are 
populated  at  laboratory  kinetic  energies  front  10 -ISO 
eV,  but  the  relative  distributions  ol  Xe**  products 
chance  significantly  with  energy.  There  Is  evidence 

*  that  the  total  charge  transfer  cross  section1  as  well  as 
the  cross  section  lor  light  emission*-11  maximize  at 
collision  energies  below  20  eV.  We  have  previously 
reported1'  that  radiation  trora  Xe'tflu  iPin^  a‘  97,3  mu 
ban  a  pronounced  maximum  at  about  12  e  V.  This  is 
shown  In  Fig.  10,  along  with  the  energy  dependence 

of  several  other  major  lines.  The  low-energy  maxima 
of  the  97.3-  and  98.9  nm  lines  account,  in  part,  (or  the 
maximum  observed  at  10  eV  by  Lipeles  el  al .*  in  the 
total  cross  section  lor  light  production  in  the  vuv  re¬ 
gion,  The  lEM.B-nm  line  due  to  unresolved  radiation 
from  Xe*  (ld*Dv,).  level  8  m  Table  II.  and  Xe*  (5 dlPux), 
level  17  in  Table  n,  is  also  shown  in  Fig.  10.  The 
kinetic  energy  behavior  o(  this  Line  is  characteristic  of 
(hat  observed  (or  many  ol  the  spectral  lines,  that  is, 

It  exhibits  a  low-energy  onset,  tollowed  by  a  continuous, 
alow  rise  in  the  cross  section  up  to  150  eV.  Other 
spectral  lines  were  tound  to  exhibit  sharp  maxima  in 
their  cross  sections.  The  total  charge  .ranster  cross- 
aection  dependence  on  kinetic  energy,  as  observed  by 
Major,1  represents  the  summation  of  the  behavior  of 
all  of  the  excited  states  populated  in  reaction  il),  as 
wall  as  that  of  the  ground  states.  Certainly  the  lumines¬ 
cence  results  reported  in  the  present  study  are  consis¬ 
tent  with  the  previously  measured  total  cross-section 
data  in  that  there  is  a  low  kinetic  energy  onset  (or  all 
emissions  and  several  states  are  observed  with  sharply 
pealing  excitation  functions  that  may  contnoute  to  the 
-overall  energy  maximum  observed  in  the  total  reaction 
-cross  section. 

The  kinetic  energy  dependences  of  some  of  the  ob- 
■eerved  spectral  lines  are  indicative  ol  the  probability 
of  directly  forming  the  corresponding  radiating  states 
.from  reaction  (l)  at  particular  energies.  For  example, 
for  each  of  the  lines  (97,3,  98.9,  and  104.8  nm.  Fig. 

10)  discussed  aDove.  cascading  etlects  are  quite  small 
lor  100  eV  collusions.11  In  contrast,  the  behavior  ol 
ffte  107.5  nm  line,  which  is  also  shown  in  Fig.  10,  and 
which  la  produced  by  radiation  irom  the  Xe'ISs  *P (/.) 
state,  does  not  provide  inv  information  concerning  the 
direct  population  ol  Uus  level  in  reaction  (l).  Within  the 
accuracy  of  the  cross  section  measurements  given  in 
Table  Q,  the  difference  between  a,  and  a.  lor  Xe*(6j  'P,,i) 
is  approximately  zero,  indicating  that  this  level  is  popu¬ 
lated  only  via  cascading  Irom  me  higher -energy  levels. 
Therefore,  the  kinetic  energy  variation  ot  the  107.5-nm 
-line  represents  me  excitation  luncuonfor  the  formation  ol 

•  higher  Xe**  states,  namelv.  on  ‘D’  and  Oft  lPJ,  wnich  have 
3-3  eV  more  energy  than  Xe"Ss  *Pj,.l.  The  energy 
•variation  ol  the  484. 63-nni  line  (6?  'P,,. -6fi  is 
Shown  m  Fig.  11.  This  is  me  major  cascade  process 
■which  contributes  to  X«*i6.<  'P,,}).  which  explains  the 
Similarity  of  its  energy  behavior  to  that  ot  the  107.  5 

am  Use. 

Is  summary,  the  transter  ot  translational  to  infernal 
energy  is  necessary  (or  Ihc  direct  iormation  ol  Xe** 
states  Irom  the  He*  Xe  reaction.  However,  m  some 


instances,  kinetic  energy  alone  is  not  sufficient  to  pro¬ 
mote  reaction.  The  existence  ot  thresholds  and  pro¬ 
nounced  maxima  in  the  excitation  functions  of  several  of 
the  Xe'*  states  formed  in  reaction  (1)  suggests  the  oc¬ 
curence  ol  potential  curve -crossing  mechanisms,  as 
have  been  proposed  in  analogous  systems. These 
will  now  be  discussed  further. 

F.  Reaction  mechanism 

Several  previously  reported  studies  have  provided 
Insight  Into  the  mechanism  ol  the  he',  Xe  interaction. 
Clastic  scattering  of  He*  in  collisions  with  Xe  has  been 
studied  by  Baudon  and  by  Weise  and  Mittman.** 

Wetse  and'Mlttman  conclude  that  polarization  forces 
are  the  dominant  interaction  lorces  between  He*  and 
Xe.  By  treating  their  scattering  dam,  using  a  12-4  po¬ 
tential,  the  latter  authors  have  calculated  a  well  depth 
ol  0.28  eV.  This  minimum  is  assumed  to  occur  at 
long  range  (-  3.2  A  which  is  the  sum  ol  the  estimated  radii 
lor  He*  and  Xe).u  In  other  experiments.  Tanaka  el  al.'* 
have  observed  weak  He/Xe'*  molecular  emissions,  ex¬ 
cited  by  electric  discharge  of  binary  He/Xe  mixtures, 
at  pressures  in  excess  ol  1  Torr.  These  have  been 
ascribed  to  HeXe**  excited  states  having  relatively  small 
dissociation  energie*.  There  is  no  evidence  for  a  strong¬ 
ly  bound,  stable  HeXe*  species  analogous  to  those  re¬ 
ported  for  other  rare -gas  heteronuclear  diatomic  Ions.1* 

The  present  study  has  also  yielded  Information  bear¬ 
ing  on  the  He*/Xe  reaction  mec  lanlsm.  We  have  ob¬ 
served  a  propensity  tor  consering  the  total  electronic 
angular  momentum  of  the  K;*.  Xe  system,  particularly 
for  near-resonant  processes.  We  have  also  observed 
that  a  significant  (ruction  ol  the  He'/Xe  collisions  re¬ 
sulting  m  reaction  involve  the  conversion  cl  small 
amounts  of  translational  to  internal  energy,  and  it  ls 
reasonable  to  identify  these  collisions  as  long-range  in¬ 
teractions.  In  addition,  He*/Xe  charge  transier  reac¬ 
tions,  involving  extensive  (>2  eV)  kinetic  energy  trans¬ 
ier,  were  observed  in  the  present  experiments,  and 
these  also  involve  the  transfer  ol  collisionai  angular 
momentum  mto  orbital  angular  momentum  ol  Xe*"-.*1 
Such  collisions  must  involve  stronger  close-range  in¬ 
teractions  which  occur  on  the  highly  repulsive  region 
of  the  potential  curves. 

Information  Irom  the  present  study  coupled  with  avail¬ 
able  literature  data  permfts  the  construction  ol  a  qualita¬ 
tive  potential  diagram,  as  shown  In  Fig.  12,  which  i3 
useful  in  the  visualization  ol  the  He*  -Xe  reaction.  The 
reactant  channel.  He*l-S|/:)  - Xe(‘S,).  and  the  lout  pri¬ 
mary  product  channels,  Hei'S,)  -Xe'tSp'-'S,/!).  Hel‘5,) 

♦  Xe*(6s‘P,„).  He(:S,i  *Xe*(5rt:P,,,1,  and  Hei'S,) 
-Xe'lsd'P^j),  are  depicted  in  this  figure.  All  ol  these 
product  channels  have  cross  sections  in  the  range  (0.1- 
0. 31x10'“  cm*.  Ail  four  of  *hese  product  channels  In¬ 
volve  Xe'*  (J -  j) "States,  so  that  these  reactions  are  in 
the  category  =0.  Using  the  qualitative  diagram 

depicted  in  Fig.  12.  the  following  reaction  sequence  is 
■uggested.  Reactants  at  thermal  energy  approach  along 
the  He*(:S|/?1  - Xei'S,)  curve,  pass  through  the  minimum 
and  in  the  absence  of  radiation  or  stabilizing  collisions, 
exit  via  the  same  path.  These  elastically  scattered 
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FIO.  12.  Schematic  representation  a(  i  mecbanUm  (or  produc¬ 
ing  Um  (our  major  X«’*  states  in  collisions  ol  100  cV  H*‘  Iona 
with  Xe,  Relative  energy  o(  the  HeXe*  system  ll  shown  with 
respect  to  Hal'Sj)  -Xe'Ch}/;)  taken  as  0,00  eV.  The  system 
approach*!  along  the  Ha’I'i,,.)  -Xet'Sjl  potential  curve  (solid 
line)  end  exits  along  the  daahtd  potential  curves. 


»  H®*(*S|/|)  ions,  which  experience  no  kinetic  energy  loss 
'  (Q» 0),  have  been  observed  by  Baudon  et  in  studies 
gt  somewhat  higher  energies.  Such  elastic  collisions 
dominate  until  the  relative  kinetic  energy  ol  approach 
milts  0.6  eV  (Maier’s  kinetic  energy  onset  for  Xe' 

/  Ions).1  At  (his  point  the  system  is  at  a  total  energy 
close  to  the  asymptotic  limits  for  Hei'SjO  *Xe"(5d 
and  Hs(lSp)  *Xe'{SdiP./t),  and  a  senes  of  aear  or 
avoided  crossings  may  occur  allowing  the  system  to  exit 
along  the  product  curves.  These  relatively  long-range 
Interactions,  Involving  reactant  and  product  channels 
within  0.8  eV  of  resonance,  would  account  (or  the 
maxima  In  the  distribution  of  product  Xe’  levels  haring 
J*  i.  Access  to  the  ground  and  first  excited  states 
WtP'ui,  l/t)  is  not  available  at  low  relative  reaction 
energies.  Presumably,  not  until  relatively  high  trans¬ 
lational  energies  of  approach  are  achieved  can  these 
Xe*  states  be  tormed  via  radiationless  transitions.” 

At  this  point,  however,  the  density  of  higr.er -energy 
Xe**  levels  which  are  accessible  as  a  result  of  trans¬ 
lational  tc  ldternal  energy  conversion  may  reduce  the 
probability  of  ground -state  Xe’  formation. 

Similar  arguments  cm  be  made  to  explain  the  low- 
energy  maxima  of  the  91. 3  and  98.9  nm  lines  shown  m 
•  Fig,  10.  The  probability  o(  near  or  avoided  crossings 
occurring  at  long-range  is  a  maximum  at  low  ion  ve¬ 
locities  In  the  region  of  the  crossing.  Consequently, 
the  cross  sections  for  products  resulting  (torn  such 
crossings  should  show  a  sharp  increase  above  the  en¬ 
ergy  threshold,  (ollowed  by  peaking  at  low  energies, 


and  finally,  a  decrease  as  the  velocity  of  the  projectile 
Increases.  The  onset  of  additional  exit  channels  as¬ 
sociated  with  short-range  interactions  competes  ef¬ 
fectively  at  higher  energies,  causing  a  sharp  decrease 
in  the  excitation  functions  displayed  by  the  97.3  and 
98,9  nm  lines. 

Charge  transfer  reactions  involving  formation  of 
states  of  Xe*  with  J  »  {  would  occur  at  much  higher 
energies  on  the  steeply  repulsive  regions  of  the  po¬ 
tential  curves.  Presumably,  the  mechanisms  of  these 
reactions  also  involve  curve  crossings,  but  in  the  strong 
interaction  region,  ihtre  is  considerably  more  energy 
and  angular  momentum  transfer.  Clearly,  there  is  con¬ 
siderable  need  (or  theoretical  calculations  relevant  to 
the  He'/Xe  system,  analogous  to  those  completed  tor 
some  smaller  systems  such  as  He’.'Ne  (Ref.  39)  and 
N»*/Ll.4® 

V.  CONCLUSIONS 

In  the  present  study,  state -to -state  cross  sections 
for  charge  transfer  in  the  He'/Xe  system  have  been  pre¬ 
sented.  Comparison  of  the  total  cross  section  tor 
radiative  state  formation  with  the  total  reaction  cross 
section  indicates  that  a  large  fraction  of  the  charge 
transfer  reactions  produce  excited  Xe'*.  The  dlstn-  . 
button  of  energy  in  Xe*  indicates  that  the  most  probably' 
charge  transfer  reactions  at  100  eV  involve  the  trans¬ 
fer  of  a  small  quantity  (cl  eV)  ot  translational  energy 
into  internal  energy  of  the  product  Xe'  ions.  A  maxi¬ 
mum  was  observed  in  the  overall  distribution  of  Xe'* 
product  states  which  is  due  in  large  part  to  the  relative¬ 
ly  high  cross  section  for  producing  Xe'*(</  •  $1  levels 
within  1-eV  of  resonance.  Although  spin  is  not  an  im¬ 
portant  quantum  number  in  this  system,  the  total  an¬ 
gular  momentum  is  conserved.  At  100  eV  collision  en¬ 
ergy,  the  most  probable  reactions  in  the  He'  Xe  system 
tend  to  conserve  the  total  electronic  angular  momentum. 
The  production  of  Xe'*(</ »  1)  la  a  manifestation  of  this 
conservation  law.  Formation  of  Xe'*W  ?>  })  states  re¬ 
quires  the  conversion  of  angular  momentum  of  the  col¬ 
lision  into  electronic  angular  momentum.  The  present 
results  indicate  that  for  100  eV  He'Xe  collisions,  the 
greater  the  extent  oi  coltlslonal  to  internal  angular  mo¬ 
mentum  conversion  required,  -the  lower  the  overall  re¬ 
action  probability.  Finally,  a  mechanism  has  been  pro¬ 
posed  to  explain  the  near-resonant  He'  Xe  charge  trans- 
ler  reaction,  in  terms  of  long-range  potential  curve 
crossings. 
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ABSTRACT 


A  systematic  study  of  the  negative-ion  chemical  ionization 
mass  spectra  produced  by  the  reaction  of  F*  with  a  wide  variety  of 
organic  compounds  has  been  accomplished.  A  time-of-flight  mass 
spectrometer  fitted  with  a  modified  high  pressure  Ion  source  was 
employed  for  these  experiments.  The  F"  reagent  ion  was  generated 
from  CF^  or  NF3,  typically  at  an  Ion  source  pressure  of  100  microns. 

In  pure  NF3,  F“  Is  the  major  Ion  formed  and  constitutes  more  than  90% 
of  the  total  Ion  Intensity.  While  F~  is  also  the  major  primary  Ion 
formed  In  pure  CF3H,  it  undergoes  rapid  lon-mclecule  reactions  at 
elevated  source  pressures,  yielding  (HF)nF_  (n=l  to  3)  ions,  which 
makes  CF3H  less  suitable  as  a  chemical  ionization  reagent  gas.  Among 
the  organic  compounds  Investigated  were  carboxylic  acids,  ketones, 
aldehydes,  esters,  alcohols,  phenols,  halides,  nitriles,  nitrobenzene, 
ethers, ami nes  and  hydrocarbons.  An  Intense  (M-l )"  ion  was  observed 
In  the  F~  chemical  Ionization  mass  spectra  of  carboxylic  acids,  ketones, 
aldehydes  and  phenols.  Alcohols  yield  only  (M  +  F)’  ions  upon  reaction 
with  F*.  A  weaker  (M  +  F)"  Ion  was  also  detected  In  the  F"  chemical 
1onl2at1on  spectra  of  carboxylic  acids,  aldehydes,  ketones  and  nitriles. 
The  F“  chemical  ionization  mass  spectra  of  esters,  halides,  nitriles, 
nitrobenzene  and  ethers  are  characterized  primarily  by  the  ions,  RCOO", 
X",  ON",  NOf  and  OR",  respectively.  In  addition,  esters  show  a  very 
weak  (M  -  1)'  ion  (except  formates).  In  the  F~  chemical  ionization 
spectra  of  some  aliphatic  alkanes  and  oxylene,  a  very  weak  (M  +  F}’ 
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Ion  was  observed.  Amines  and  aliphatic  alkenes  exhibit  only 
Insignificant  fragment  Ions  under  similar  conditions,  while 
aromatic  hydrocarbons,  such  as  benzene  and  toluene  are  not  reactive 
at  all  with  the  F"  Ion.  The  mechanisms  of  the  various  reactions 
mentioned  are  discussed,  and  several  experimental  complications 
are  noted.  In  still  other  studies,  the  effects  of  varying  several 
experimental  parameters.  Including  source  pressure,  relative  pro¬ 
portions  of  the  reagent  and  analyte,  and  other  Ion  source  para¬ 
meters,  on  the  observed  chemical  ionization  mass  spectra  were  also 
Investigated.  In  a  mixture  of  Nf3  and  n-butanol,  for  example,  the 
ratio  of  the  Intensities  of  the  Ions  characteristic  of  the  alcohol 
to  that  of  the  (HF)nF“  Ion  was  found  to  decrease  with  increasing 
sample  pressure,  with  Increasing  NF3  pressure,  and  with  Increasing 
electron  energy.  No  significant  effects  on  the  spectra  were  observed 
to  result  from  variation  of  the  source  repeller  field  or  the  source 
temperature.  The  addition  of  argon  to  the  source  as  a  potential 
moderator  did  not  alter  the  F"  chemical  ionization  spectrum  signifi¬ 
cantly,  but  the  use  of  oxygen  appears  to  inhibit  formation  of  the 
(HF)nF~  cluster  ion.  The  advantages  of  using  F”  as  a  chemical  Ioni¬ 
zation  reagent  are  discussed,  and  comparisons  are  made  with  other 
reagent  Ions. 


INTRODUCTION 


Interest  In  the  development  and  applications  of  negative-ion 
chemical  Ionization  (NICI)  mass  spectrometry  has  expanded  rapidly 
In  the  past  ten  years,  as  clearly  indicated  by  the  attendance  at  the 
present  and  other  recent  symposia  (1)  concerned  with  this  topic.  The 
number  of  publications  appearing  In  the  chemical  literature  which 
deal  with  NICI  mass  spectrometry  has  also  Increased  significantly 
during  this  time  period.  Several  current  comprehensive  reviews  (2-4) 
have  surveyed  these  publications.  In  spite  of  the  Increasing  activity 
In  this  field  of  research,  however,  relatively  few  negative  Ions  have 
yet  been  investigated  as  chemical  Ionization  reagents.  This  Is  illustrated 
by  the  listing  shown  In  Table  1.  This  situation  is  due  to  the  lac1 
established  methods  for  generating  usable  quantities  of  many  types  or' 
negative  ions,  nd  to  one  uncertainties  which  currently  prevail  In  the 
understanding  of  gas  phase  negative  Ion  chemistry. 

In  the  present  paper,  we  report  the  results  of  a  systematic  study 
of  the  reactions  of  the  fluoride  negative  Ion,  F~,  with  a  variety  of 
organic  molecules,  which  are  representative  of  different  functional 
group  classes.  The  F"  Ion  was  selected  for  Investigation  as  a  NICI 
reagent  Ion  for  several  reasons.  First,  it  was  expected  that  F"  could 
be  readily  produced  in  large  abundance  by  electron  impact  on  molecules 
such  as  CH3F  and  NF3.  The  appearance  potential  of  F"  from  NF3  Is  very 
near  zero  eV  (11),  and  previous  experiments  in  our  laboratory  have 
•'  v  nitrated  that  the  rate  coefficient  for  attachment  of  near-thermal 
a.trons  to  NF3,  yielding  F",  was  very  large  (12).  Also,  F“  is  the 
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only  Ionic  product  observed  from  Ion  energy  electron  attachment 
to  NF3.  Secondly,  the  proton  affinity  of  F”  Is  relatively  high, 

1548  KJ/mole,  which  Is  just  between  the  proton  affinities  of  OH”, 

1632  KJ/mole,  and  Cl”,  1393  KJ/mole  (2).  The  anionic  nucleophillcity 
of  F”  also  lies  between  that  of  OH”  and  Cl”  which  have  previously 
been  utilized  In  NIC!  studies  (see  Table  1).  These  considerations 
suggest  that  F”  should  be  reactive  with  a  number  of  organic  mole¬ 
cules.  Still  another  feature  of  F”  as  a  NIC!  reagent  Ion  is  that 
fluorine  Is  monoisotopic,  so  that  If  F”  associates  with  a  particular 
molecule,  only  one  (M  +  19)"  product  Ion  will  be  observed,  since 
no  Isotope  peaks  can  be  formed.  Thus  the  F“  NICI  mass  spectra 
should  be  simpler  and  more  readily  Interpreted  than  those  resulting 
from  reactions  of  other  halide  negative  ions. 

The  experimental  procedures  employed  and  the  results  obtained 
In  this  Investigation  are  described  In  the  following  sections. 

EXPERIMENTAL 

The  Instrument  utilized  for  the  experiments  reported  herein  Is 
a  Bendlx  Model  12-101  Time-of-FUght  Mass  Spectrometer  equipped  with 
a  100  cm.  drift  tuoe.  The  mass  spectrometer  Is  fitted  with  a  specially 
designed,  high  pressure  ion  source,  which  was  developed  by  Chang  and 
Tlernan  (13).  Figure  1  shows  a  schematic  diagram  of  the  Ion  source 
and  the  focusing  lens  system.  The  source,  which  was  constructed  from 
a  solid  copper  block.  Is  actually  an  open  cylinder  with  an  Inside 
diameter  of  1.91  cm  and  a  length  of  1  cm.  A  gas  Inlet  orifice,  0.64  cm 
In  diameter  was  cut  Into  the  side  of  the  block.  An  electron  entrance 
plate  (EEP)  and  an  Ion  exit  plate  (IEP)  are  utilized  to  seal  tne  top 


Figure  1.  Schematic  Diagram  of  High  Pressure  Ion  Source  Developed 
for  a  Tlme-of-FUght  Mass  Spectrometer. 
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Schematic  Diagram  of  High  Pressure  Ion  Source  Developed  for  a 
Ttme-of-Fl ight  Mass  Spectrometer. 


and  the  bottom  of  the  source  cylinder.  Both  plates  were  Identically 

i  i  • 

manufactured  from  stainless  stpel,  and  are  cone  shaped,  with  a  0.05  cm 
diameter  orifice  at  the  cone  apex.  A  -6V  dc  potential  Is  applied 
continuously  to  the  electron  entrance  plate  as  a  repeller  potential. 

This  facilitates  removal  of  Ions  from  the  source.  The  Ion  exit  plate 
Is  maintained  at  ground  potential.  Both  plates  can  be  used  to  monitor 
the  electron  beam  current  If  desired,  by  suitable  connections.  A 
colled  tungsten  wire  filament  is  located  about  1  cm  from  the  electron 
entrance  plate.  In  order  to  collimate  the  electron  beam,  a  beam 
focusing  cylinder,  which  was  constructed  from  90%  transparent  rhenium 
mesh  screen.  Is  used  to  surround  the  filament.  Use  of  the  transparent 
wire  mesh  permits  efficient  pumping  of  neutral  gas  from  the  filament 
region.  This  focusing  cylinder  and  one  end  of  the  filament  are  main¬ 
tained  at  a  negative  potential  of  -240  volts. 

The  filament  Is  mounted  in  such  a  way  that  the  electron  beam  path 
coincides  with  the  Ion  axis.  This  arrangement  differs  from  that  used 
In  most  conventional  ion  sources.  In  which,  the  electron  beam  typi¬ 
cally  enters  the  side  of  the  source  chamber  at  an  angle  of  90  degrees 
to  the  direction  of  Ion  extraction.  With  the  latter  configuration, 

Ions  formed  In  the  region  just  above  the  ion  exit  aperture  are  more 
likely  to  be  extracted  and  detected.  At  lower  source  pressure  this 
conventional  configuration  functions  well,  since  ions  are  formed  uni¬ 
formly  along  the  electron  path.  However,  as  the  source  pressure  is 
Increased,  the  penetrating  power  of  the  electron  beam  decreases  rapidly. 
Thus,  only  a  few  Ions  are  formed  in  the  region  near  the  exit  aperture. 
With  our  new  source  design,  all  primary  Ions  are  formed  along  the 
electron  beam  path  (which  Is  coaxial  with  the  Ion  extraction  path)  and 


are  therefore  produced  In  the  region  directly  adjacent  to  the  Ion 

exit  aperture.  At  higher  pressures  In  the  source,  these  primary 

* 

ions  then  react  with  other  molecules  In  the  same  region  to  form  the 
secondary  product  Ions.  As  noted  earlier,  a  repel ler  field  Is 
applied  to  drive  ions  thus  formed  through  the  Ion  exit  aperture, 
which  increases  the  number  of  Ions  reaching  the  detector  on  any 
given  pulse  cycle. 

The  Ion  source  of  the  mass  spectrometer  Is  housed  inside  a  T- 
shaped  stainless  tube  which  was  fabricated  for  this  purpose  and 
which  Is  connected  directly  to  the  drift  tube  of  the  mass  spectro¬ 
meter.  This  housing  Incorporates  a  high  speed  pumping  port,  to  which 
a  4-1nch  oil  diffusion  pumping  system  Is  directly  attached  via  a 
flexible  10-cm  stainless  steel  bellows.  For  the  source  exit  aperture 
currently  used,  this  Is  adequate  to  maintain  a  pressure  differential 
of  about  1000:1  between  the  source  interior  and  the  surrounding  region. 
This  differential  pumping  reduces  collisions  between  ions  and  neutrals 
outside  the  source  region  to  a  significant  extent.  The  drift  tube 
region  Is  pumped  by  the  standard  pumping  system  which  consists  of  a 
4-1nch  mercury  diffusion  pump,  a  Bendlx  combined  liquid  nitrogen  trap 
and  Freon-cooled  baffle,  and  a  Welch  forepump  (52).  The  pressure  Is 
monitored  by  a  Philips-type  cold-cathode  ionization  gauge  (Veeco)  which 
measures  pressures  as  low  as  2  x  10"6mm  of  Hg. 

The  sample  inlet  system  is  an  all-metal  dual  reservoir  system, 
containing  two  1-liter  stainless  steel  expansion  tanks.  Each  reser¬ 
voir  is  connected  to  the  ion  source  via  a  variable  gas  leak,  in  one 
case,  a  Granvllle-Philllps  Series  213  motor-driven  variable  leak,  and 
In  the  other,  a  Granvllle-Phlll ips  Series  203  manually  adjusted  leak. 


Additions  to  the  sample  Inlet  system  were  constructed  recently  to 
permit  Introduction  of  multi-component  reagent  mixtures  and  gas 
samples,  and  to  allow  coupling  of  a  gas  chromatograph  (GC)  to 
the  mass  spectrometer.  These  additional  Inlet  sections  are  also 
controlled  by  Granvlll e-Phllllps  Series  203  manually  adjusted  leaks, 
and  permit  Introduction  of  condensed  phase  samples  from  an  Inlet 
tube.  The  latter  Is  a  U-shaped  l/4-1nch  ID  glass  tube  with  one  end 
sealed  by  a  septum,  and  the  other  end  connected  to  a  Whitey  SS-2RS4 
metric  valve,  which  controls  the  molecular  flow  of  the  sample  vapor. 
This  tube  was  Installed  near  the  source- housing  flange  In  order  to 
reduce  condensation  In  the  Inlet  to  a  minimum.  A  MKS  Baratron 
pressure  sensor  head  (type  77-H-l )  is  attached  to  the  source  housing 
to  measure  the  ion  source  pressure  directly.  All  tubing  used  for 
Interconnections  in  this  system  is  1.27  cm  diameter  stainless  steel 
tubing.  Swagelok  tube  fittings  are  used  for  all  couplings.  A  variety 
of  valves  are  also  used  In  the  system.  The  sample  Inlet  system  and 
the  pressure  reference  side  of  the  MKS  sensor  are  pumped  by  means  of 
a  CVC  type  PMCS-2B  diffusion  pump,  backed  by  a  Welch  140QB  forepump. 

A  Hewlett-Packard  2116C  computer  with  16-bit  word  length  and 
24K  core  memory  was  used  for  data  acquisition.  Since  the  analog 
electrometer  used  for  the  recording  of  negative  ions  Is  not  electri¬ 
cally  Isolated,  the  signals  from  the  multiplier  cannot  be  directly 
Input  Into  the  computer.  Instead,  the  output  signal  of  the  amplifier 
Is  further  amplified  by  a  Keithley  Instrument  Type  109  pulse  amplifier 
with  50  ohms  Input  resistance  and  20  DB  gain.  The  amplified  signal 
Is  then  transmitted  to  a  scan  converter  (Pacific  Instrument),  which  Is 
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built  Into  the  oscilloscope.  The  computer  directly  accepts  the 
signal  from  the  scan  converter.  This  procedure  Introduces  some 
Tiolse,  and  reduces  detection  sensitivity  considerably,  but  permits 
direct  computer  acquisition  of  the  data.  Four  channels  are  used 
to  establish  conmunl cation  between  the  computer  and  the  TOF  mass 
spectrometer.  The  first  channel  transmits  a  signal  from  the  Y- 
axls  of  the  oscilloscope  to  the  computer  for  the  Ion  Intensity.  The 
second  channel  transmits  a  signal  from  the  X-axis  of  the  oscillo¬ 
scope  to  the  computer  for  a  ramp  voltage.  The  third  channel  trans¬ 
mits  the  junction  voltage  of  a  thermocouple  used  for  temperature 
measurement.  The  fourth  channel  carries  a  relay  message  to  the 
computer.  These  analog  signals  are  converted  Into  digital  signals 
by  the  A/D  converter  of  the  computer.  The  digital  signals  are  then 
processed  by  the  computer  using  previously  designed  software  developed 
In  our  laboratory. 

Negative  Ion  mass  spectra  were  recorded  with  the  TOF  mass  spectro¬ 
meter,  normally  under  the  following  conditions:  accelerating  voltage, 
3.6  kY;  primary  electron  beam  voltage,  240  eV;  ion  source  envelope 
pressure,  approximately  5  x  10“6  mm  Hg;  source  temperature,  70-120 
degrees  C;  and  the  emission  current  (which  Is  the  current  measured  at 
the  electron  entrance  plate)  was  adjusted  to  obtain  maximum  Ion  In¬ 
tensity.  Usually,  the  latter  was  varied  from  several  tenths  mil  1 i - 
ampere  to  about  10  mil  11  amperes.  The  source  pressure  was  monitored 
by  an  MRS  Baratron  Type  77-H-l  pressure  sensor  head.  The  sample 
pressure  was  maintained  at  a  constant  value,  usually  between  0,5  and 
10  v  and  the  total  pressure  was  maintained  at  100  y  (with  the  reagent 
gas  added). 


Fluoroform  used  In  these  studies  was  obtained  from  Matheson 


Gas  Products,  East  Rutherford,  N.J.,  and  was  specified  to  be 
approximately  99. 9%  pure.  NF3  was  obtained  fror..  Air  Products  and 
Chemicals  Inc.,  Allentown,  Pa.,  with  a  reported  purity  of  99.92* 
minimum.  All  organic  compounds  studied  were  obtained  from  commercial 
suppliers  and  were  used  without  further  purification. 

RESULTS  AND  DISCUSSION 

A.  Formation  of  the  Primary  F~  Ion  Reactant 
1.  Using  Fluoroform  as  the  Reagent  Gas 

a.  The  Spectrum  of  Pure  CHF?  Under  NICI  Conditions.  In  prin¬ 
ciple,  the  F”  Ion  can  be  produced  from  several  gaseous  fluoride  compounds 
by  electron  Impact.  The  appearance  potential  of  F"  from  fluoroform 
(CHF 3 )  Is  about  9.3  eV  (11).  Thus  Initially  the  latter  molecule  was 
selected  as  the  reactant  source  molecule.  The  NICI  mass  spectrum  of 
CHF3  at  a  pressure  of  0,1  Torr  and  a  temperature  of  100°C  is  shown  in 
Table  2.  It  can  be  seen  that  electron  impact  on  CHF3  at  relatively 
high  source  pressure  yields  very  small  amounts  of  F“,  and  larye  abund¬ 
ances  of  various  cluster  Ions.  Apparently  this  is  due  to  the  rapid 
association  reaction  of  the  F”  Ion  with  one  or  more  HF  molecules,  to 
form  cluster  Ions  of  the  type,  [(HF)  F]“,  where  n=l  to  3  (14).  There 
are  two  possible  sources  for  the  HF  molecules.  One  possibility  is  the 
proton  transfer  reaction  between  F"  and  the  fluoroform  molecule,  In 
which  CF3’  Is  also  formed, 

F"  +  CHF3  -  CF3"  +  HF  (1) 


TABLE  2 


NIC!  MASS  SPECTRUM  OF  FLUOROFQRM  OBTAINED  AT  1QQ°C  AMD 
0.1  TORR  ION  SOURCE  PRESSURE 

Relative 


I± 

Ion 

Intensity 

9 

F" 

9 

(HF)F“ 

19.2 

9 

(hf)2f‘ 

100.0 

9 

cf3- 

6.9 

9 

(HF)3F‘ 

23.8 

15 

cf3o" 

24.7 

19 

(CHF  3)F"/(CF3)"(HF) 

8.0 

15 

(CF30}(HF)' 

8.3 

19 

(CHF3) (HF)F“ 

11,5 

(CF2)(CF30)“ 


9.5 


The  other  possibility  Is  a  reaction  of  F  radicals,  generated  In  the 
Initial  electron  Impact  event,  with  hydrogen-containing  Impurities  (RH) 
resident  within  the  Ion  source, 

CHF3  +  e  -►  F“  +  2F  +  CH  (2) 

and 

F  +  RH  HF  +  R  (3) 

The  enthalpy  of  Reaction  1  Is  on  the  order  of  -56.5  kcal/mole  and  this 
process  Is  therefore  substantially  exothermic.  For  many  RH  reactants, 
Reaction  3  would  also  be  highly  exothermic. 

Trace  quantities  of  02~  or  O'  ions  Inside  the  source  could  react 
with  fluoroform  molecules  to  yield  the  observed  m/e  85  peak  corresponding 
to  the  (M  -  H  +  0}'  ion  In  the  NICI  spectrum  shown  In  Table  2.  The 
m/e  89  ion  could  be  formed  either  by  clustering  between  fluoroform  and 
F",  or  by  clustering  between  HF  and  CF3".  As  shown' In  Table  2,  both 
the  m/e  105  and  the  m/e  109  Ions  can  be  explained  on  the  basis  of 
clustering  of  HF  with  the  m/e  85  and  89  Ions.  There  are  also  relatively 
small  amounts  of  m/e  128  and  m/e  135  in  the  NICI  spectrum.  It  is 
tentatively  assumed  that  the  former  Ion  Is  (CF2)(CF30}",  while  the 
latter  Ion  Is  apparently  C2F50",  which  probably  arises  from  HC2F5  or 
other  such  Impurities  In  the  fluoroform. 

b.  Temperature  Effects  on  the  NICI  Spectrum  of  CHF^.  The 
relative  abundances  of  Ions  observed  in  the  fluoroform  NICI  mass 
spectrum  were  found  to  be  temperature  dependent.  The  variation  In  the 
relative  Intensities  was  studied  over  a  temperature  range  of  70  to 
2308C,  at  a  total  source  pressure  of  0.1  To rr.  It  was  observed  that 


the  relative  Intensity  of  m/e  32  Increases  with  Increasing  source 
temperature,  while  the  Intensities  of  m/e  59  and  79  decrease,  as 
do  those  of  the  m/e  105  and  109  Ions.  It  seems  apparent  that  at 
higher  source  temperatures  tne  formation  of  the  larger  cluster  Ions 
In  fluoroform  Is  less  favored.  This  Is  consistent  with  the  increased 
relative  Intensity  of  the  m/e  69  ion  as  the  temperature  is  increased. 

A  trace  quantity  of  n-butanol  (about  0.5  v )  was  Injected  Into 
the  Ion  source  which  also  contained  fluoroform  at  a  pressure  of  0.1 
Torr.  Molecular,  or  quasl-molecular  ions,  such  as  (M-l)“  and  (M  +  F)“, 
were  not  observed  In  the  NICI  spectrum  under  these  conditions.  The 
failure  to  observe  such  Ions  possibly  Indicates  that  the  reaction  rate 
of  F~  with  n-butanol  is  much  slower  than  that  of  F“  with  neutrals 
such  as  HF. 

2.  Using  NF^  as  the  Reagent  Gas 

a.  The  Spectrum  of  Pure  NF^  Under  NICI  Conditions.  Owing  to 
the  very  low  Intensity  of  the  primary  F”  Ion  observed  in  the  fluoroform 
NICI  spectrum,  a  second  reagent  gas,  NF3,  was  tested  as  a  source  of  F". 

The  NICI  spectrum  of  NF3  at  a  total  pressure  of  0.1  Torr  shows  that 
the  m/e  19,  F"  Is  the  major  peak,  with  only  a  trace  quantity  of  m/e  39, 
HF2”.  Again,  the  HF  molecule  with  which  F"  clusters  here  Is  probably 
formed  from  hydrogen-containing  impurities  In  the  source,  by  a  mechanism 
similar  to  that  described  previously. 

b.  The  NICI  Spectrum  of  n-Butanol  Obtained  with  NFj  Reagent  Gas. 
Table  3  shows  the  NICI  spectrum  of  n-butanol  obtained  with  NF3  reagent 
gas  at  a  total  pressure  of  100  u  and  at  a  temperature  of  70°C.  About 

0.5  y  of  n-butanol  was  injected  Into  the  source  with  the  NF3  for  this 
experiment.  The  Ions  at  m/e  19,  39,  and  59  are  presumably  formed  as 
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TABLE  3 

NICI  SPECTRUM  OF  n-BUTANOL  (Q.5u)  OBTAINED  WITH  NF,  REAGENT  GAS 
AT  A  TOTAL  PRESSURE  OF  100  u 


Relative 

m/e  Ions  Intensity  {%) 

19  F‘  47.7 


#  i  i 


iTiWil 


described  earlier.  The  m/e  93  likely  originates  from  the  direct 
attachment  of  F"  to  the  n-butanol  sample  molecule,  and  the  m/e  113 
Is  then  formed  by  clustering  of  an  HF  molecule  with  the  (M  +  F)’ 

Ion.  Apparently,  F“  undergoes  competing  reactions  with  the  n-butanol 
and  HF  molecules.  Several  additional  experiments  were  therefore 
conducted  In  which  vt  us  experimental  parameters  were  varied.  In  an 
attempt  to  maximize  the  Intensity  of  the  (M  ♦  F)“  product. 

c.  The  Effects  of  Varying  Experimental  Conditions  on  the 
NICI  Spectrum  of  n-Butanol  Obtained  with  NF,  Reagent. 

1.  Variation  of  the  Total  Pressure  of  NF-^.  At  an 
electron  energy  of  240  eV,  and  a  source  temperature  of  about  70°C, 
the  relative  Intensities  of  m/e  39,  (HF)F“,  and  m/e  93,  (C4H50H)F", 

In  the  NICI  spectrum  of  an  n-butanol-NF3  mixture  were  observed  at 
various  total  Ion  source  pressures  over  the  range  from  40  to  120  u. 

The  observed  Intensities  and  the  ratio  of  these  are  shown  In  Table  4. 

The  n-butanol  sample  In  these  experiments  was  maintained  at  a  constant 
pressure  of  0.5  Torr.  It  can  be  seen,  from  Table  4,  that  the  ratio 
of  the  relative  Intensity  of  m/e  39  to  that  of  m/e  93  Increases  as  the 
pressure  of  Nr3  Increases.  This  Indicates  that  at  higher  pressures 
the  preferred  reaction  Is  the  association  reaction  of  F“  with  HF.  The 
ir./e  93  Ion  Is  formed  via  a  second-order  reaction,  In  which  F"  Ions  are 
first  produced  from  NF3,  and  then  cluster  with  n-butanol  molecules. 

The  (HF)H’  product  Ions,  on  the  other  hand,  are  formed  by  a  reaction 
whlcn  Is  at  least  third-order.  Probably,  the  F  radical,  produced  by 
electron  Impact  on  NF3,  abstracts  a  hydrogen  atom  f r ....  an  n-butano'i 
molecu’e  or  other  hyarogcn-contalnlng  Impurities  to  form  an  HF  molecile, 
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TABLE  4 


RATIO  OF  RELATIVE  INTENSITIES  OF  m/e  39  TO  93  IN  THE  NIC!  SPECTRUM 
OF  NF^-n-BUTANOL  AT  VARIOUS  PRESSURES  OF  NF, 


pnf3 

LlL 

Relative 

Intensity  (S) 

I<n 

Ratio 

139/193 

30 

8.4 

7.4 

1.1 

40 

25.0 

19.9 

1.3 

60 

31.2 

8.3 

3.8 

80 

59.8 

10.2 

5.9 

100 

100.0 

10.8 

9.3 

120 

31.3 

2.8 

11.2 

which  then  clusters  with  F".  Thus,  the  observed  Intensity  of  the 
(HF)F“  Ion  varies  as  the  third  power  of  the  pressure.  At  higher 
pressures,  the  reaction  forming  (HF)F'  Is  thus  more  favorable  than 
that  forming  (M  +  F)“.  Thus,  In  order  to  observe  a  distinct  quasl- 
molecular  anion  In  the  F"  NICI  mass  spectrum,  such  as  m/e  93  In  this 
example,  the  total  source  pressure  has  to  be  kept  relatively  low. 
However,  the  pressure  cannot  be  lower  than  30  u,  or  this  product  Is 
not  observed,  owing  to  the  characteristics  of  the  Ion  source  em¬ 
ployed  In  the  present  studies. 

11.  Variation  of  the  Electron  Energy.  The  electron 
energy  Is  another  parameter  of  considerable  Importance  In  NICI  experi¬ 
ments.  When  the  electron  energy  was  lowered  to  40  eV,  while  all  other 
parameters  were  kept  constant  for  the  present  gaseous  system,  the 
reaction  leading  to  formation  of  the  (M  +  F}"  Ion  was  found  to  be 
favored.  The  ratio  of  m/e  39  to  m/e  93  was  found  to  decrease  abruptly 
as  the  electron  energy  was  reduced  from  240  V  to  40  V.  A  possible 
explanation  Is  that  the  production  of  F  radicals  Is  enhanced  signifi¬ 
cantly  at  higher  electron  energies.  The  F  radicals  thus  formed  react, 
In  turn,  with  n-butanol  to  form  more  HF  molecules.  Thus,  F"  collisions 
with  HF  molecules  are  more  p»  -able  than  collisions  with  n-butanol 
molecules  at  the  higher  electron  energy. 

111.  Variation  of  the  Repeller  Field.  By  applying  a  small 
repeller  field  to  tho  electron  entrance  plate  of  the  Ion  source, 

(-6  V,  d.c.),  the  residence  time  of  Ions  inside  the  source  can  be  re¬ 
duced.  However,  the  distribution  of  reaction  products  was  not  observed 
to  change  significantly  as  the  repeller  potential  was  varied  over  this 
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range. 


1v.  Variation  of  Source  Temperature.  Varying  the 
Ion  source  temperature  over  the  range  100°  to  190°C,  while  other 
parameters  are  kept  constant,  resulted  In  little  change  In  the  ratio 
of  relative  Intensities  of  m/e  93  to  39.  Apparently,  the  competi¬ 
tion  between  (HF)F“  and  (M  +  F)“  production  Is  rather  insensitive 
to  temperature.  However,  the  relative  intensities  of  both  the  m/e  39 
and  93  Ions,  with  respect  to  m/e  19,  decrease  markedly  as  the  tempera¬ 
ture  increases. 

v.  Variation  of  Sample  Pressure.  A  series  of  NF3  - 
NICI  spectra  of  n-butanol  were  obtained  at  various  n-bi,tanol  pressures 
ranging  from  1  to  *0  u,  at  a  total  pressure  of  80  u  and  with  all 
other  parameters  held  constant.  Listed  in  Table  5  are  the  relative 
Intensities  of  the  major  Ions  observed,  and  the  ratios  of  relative 
Intensities  of  two  successive  cluster  Ions.  At  higher  n-butanol 
pressures,  larger  clusters  are  observed,  m/e  79  and  99,  which  result 
from  successive  HF  additions.  At  butanol  pressures  above  4  u.  a  peak 
Is  observed  at  m/e  167.  This  probably  corresponds  to  an  M(,M  +  f  )“ 

Ion,  which  Is  formed  by  clustering  of  another  butanol  molecule  with 
the  (M  +  F)“  Ion.  The  IS9/I39  ratio  is  seen  to  increase  sharply  as 
the  sample  pressure  Increases.  Moreover,  the  ratios,  I79/I59, 

I99/I79  and  I i 1 3/I 93  also  Increase  proportionately  with  pressure. 

This  Indicates  that  n-butanol  plays  an  Important  role  In  the  duster 
Ion  formation.  It  Is  probable  that  n-butanol  Is  the  most  significant 
source  of  hydrogen  atoms  for  the  rractions  yielding  HF  molecules.  With 
Increasing  n-butanol  pressure,  the  yield  of  HF  molecules  therefore 
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Pie  total  source  pressure  was  maintained  at  80  n. 


Increases.  These  HF  molecules  then  react  further  with  F”  to 
produce  cluster  Ions  of  various  orders.  The  ratio,  I ! 67/1 9 3 , 

Is  also  observed  to  Increase  gradually  as  the  sample  pressure 
Increases.  This  Is  because  at  higher  concentrations  of  sample 
molecules,  the  formation  of  the  (2M  +  F)"  Ion  is  enhanced. 

Finally,  as  seen  In  both  Table  5,  at  sample  pressures  above  4  u, 
the  cluster  ion,  m/e  59,  formed  by  association  of  two  HF  molecules 
with  F”  Is  preferred  to  other  cluster  ions. 

vl.  Addition  of  Other  Gases  to  the  NF,  Reagent  Gas. 

In  order  to  reduce  the  population  of  highly  energetic  electrons  in 
the  Ion  source,  certain  gases  can  be  added  to  the  reagent  gas  which 
act  as  electron  scavengers.  Removal  of  these  electrons  Is  desirable 
because  the  reaction  of  high  energy  electrons  with  NF3  is  considered 
to  be  the  major  source  of  F  radicals.  In  the  present  study,  the  use 
of  argon  as  a  high-energy  electron  moderator  was  Investigated.  Argon 
was  mixed  with  the  NF3  gas  In  different  proportions,  while  maintaining 
a  total  Ion  source  pressure  of  80  y.  The  n-butanol  sample  pressure 
was  maintained  at  about  0.5  y,  while  other  parameters  were  kept  con¬ 
stant,  as  before.  It  was  observed  that  the  ratio  of  relative  inten¬ 
sities  of  m/e  39  to  93  obtained  with  various  pressures  of  Ar  added  to 
the  source  gas  mixture  did  not  decrease,  as  was  expected, 

In  both  solution  and  gas  phase  reaction  studies,  oxygen  has  been 
employed  as  an  Inhibitor,  owing  to  its  ability  to  scavenge  atoms  or 
radicals,  thus  forming  species  which  are  Incapable  of  participating 
In  the  chain-propagation  steps.  It  was  considered  feasible,  therefore, 
that  the  addition  of  oxygen  to  the  NF3-hutanol  gas  mixture  In  the  ion 
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source  might  reduce  the  population  of  F  radicals.  Small  quantities 
of  oxygen  gas  {pressure  ranging  from  2  to  6  y)  were  therefore  added 
to  the  source,  in  a  series  of  experiments,  In  which  the  total  pressure 
was  maintained  at  50  u,  the  n-butanol  pressure  was  kept  constant  at 
2  p,  and  other  parameters  were  not  varied.  The  ratio  of  the  relative 
Intensity  of  m/e  93  to  that  of  m/e  39  observed  In  the  NICI  spectrum 
was  observed  to  Increase  by  a  factor  of  six,  as  the  pressure  of  oxygen 
Increased  from  0  to  6  y.  Thus,  oxygen  clearly  appears  to  inhibit 
the  formation  of  the  fluorine  radical.  However,  the  overall  ion 
intensities  decrease  as  02  pressure  Increases,  and  In  addition,  the 
lifetime  of  the  tungsten  filament  is  shortened,  both  of  which  are 
undesirable  results. 

B.  Negative  Ion  Chemical  Ionization  Mass  Spectra  from  Reactions  of  F~ 

With  Various  Organic  Compounds 

As  described  In  the  foregoing  sections.  Impact  of  electrons  on 
gaseous  NF3  produces  a  large  population  of  F"  Ions,  which  can  be  used 
as  reactant  Ions  to  generate  negative  chemical  Ionization  mass  spectra. 
Since  F”  has  a  large  gas  phase  proton  affinity,  reactions  of  this  Ion 
with  many  molecules  to  produce  (M-l)"  products  by  proton  transfer  are 
expected  to  be  conrnon.  Furthermore,  F’  Is  a  strong  nucleophile,  and 
so  blmolecular  nucleophilic  substitution  reactions  with  this  ion  are 
expected  to  be  observed  In  some  cases.  The  organic  compounds,  for 
which  F"  NICI  mass  spectra  were  examined  In  this  study,  were  selected 
as  representative  of  a  variety  of  functional  group  classes.  The 
detailed  experimental  result?  obtained  for  each  functional  group  class 
art  discussed  In  the  following  sections.  The  experimental  conditions 
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TABLE  6 


Ions  less  than  5X  relative  Intensity  are  omitted  except  the  quasl-molecular  Ions. 


used  In  obtaining  these  NICI  spectra  were  selected  on  the  basis  of 
the  results  obtained  In  the  previously  described  studies  of  the 
effects  of  pressure,  temperature  and  other  experimental  parameters. 

1 .  Carboxylic  Acids. 

The  F*  NICI  mass  spectra  of  formic,  acetic,  Isobutyrlc  and 

mercaptoacetic  acids  are  shown  In  Table  6.  It  is  seen  from  these 

data  that  the  most  intense  Ion  In  the  spectra  of  all  these  carboxylic 

acids  Is  the  ( M- 1 ) _  ion.  This  ion  Is  formed  by  the  abstraction  of 

a  proton,  probably  from  the  COOH  group.  In  mercaptoacetic  acid, 

both  the  SH  and  the  CCOH  groups  contain  active  hydrogen,  but  more 

likely,  abstraction  occurs  preferentially  from  the  COOH  group. 

F“  attachment  to  these  carboxylic  acids  to  form  (M  +  F)“  ions 

was  also  observed,  as  Indicated  by  the  spectra  shown  in  Table  6,  but 

the  relative  Intensities  of  these  Ions  are  much  smaller  than  those  of 

the  (M-l )’  products.  At  higher  Ion  source  pressures,  the  NICI  spectra 

of  formic  acid  and  acetic  acid  show  clusters  of  these  molecules  with 

the  (M-l)”  ions,  that  is,  (2M-1)"  ions.  Cluster  ions  formed  by 

association  of  product  ions  with  HF  molecules,  were  also  observed  in 

the  formic  acid  NICI  mass  spectrum.  A  very  weak  intensity  ion  at 

m/e  42  was  observed  in  the  spectra  of  acetic  acid  and  formic  acid. 

Possibly,  this  ion  is  CNO’,  as  suggested  by  Alpln  et  al  (15),  or 

CH2*CH2,  as  postulated  by  Field  (10).  The  mechanism  of  formation  of 
:N:- 

thls  ion  is  unclear,  but  it  seems  more  likely  that  CNO”  would  be  formed 

than  CH? 

V 
* 

acetylenic  group.  Other  observed  ions  having  m/e  values  which  do  not 


-CH2»  because  neither  formic  acid  nor  acetic  acid  contains  an 
N:- 
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correspond  to  any  expected  fragments  for  the  compounds  undergoing 
chemical  Ionization  are  quite  possibly  formed  from  Impurities  con¬ 
tained  in  the  samples. 

2.  Carboxylic  Acid  Esters. 

The  F~  NICI  mass  spectra  of  isopropyl  acetate,  ethyl  acetate, 
ethyl  formate  and  methyl  methacrylate  are  shown  in  Table  7.  Both 
Isopropyl  acetate  and  ethyl  acetate  exhibit  an  intense  m/e  59  peak 
In  their  F”  NICI  spectra,  while  ethyl  formate  exhibits  an  intense 
ir./e  45  peak,  and  methyl  methacrylate  Is  characterized  by  a  strong 
m/e  85  peak.  These  peaks  correspond  to  the  carboxyl  ate  anions  from 
each  of  these  esters,  CH3C02“,  HC02~  and  CH2*C(CH3)C02",  respectively, 
which  are  formed  by  an  0-alkyl  cleavage,  resulting  from  F"  attack  on 
the  alcohol  alkyl  group  and  subsequent  displacement  of  carboxv'ate 
Ions.  This  can  be  visualized  as  a  olmolecular  nucleophilic  substitu¬ 
tion  reaction. 

A  weak  (M-l)"  ion  is  also  observed  in  each  of  the  esters  studied 
here,  with  the  exception  of  ethyl  formate.  This  ion  Is  expected  to 
be  primarily  formed  by  abstraction  of  a  relatively  acidic  hydrogen 
from  the  molecule.  In  Isopropyl  acetate  and  ethyl  acetate,  an  alpha 
hydrogen  Is  available  for  abstraction  by  the  F~  Ion,  but  In  methyl 
methacrylate,  an  ally! 1c  hydrogen  must  be  abstracted.  No  (M-l)"  ion 
Is  observed  In  ethyl  formate,  since  this  molecule  contains  no  active 
hydrogen  atoms. 

Since  alkoxlde  Ion,  R'O",  Is  more  nucleophilic  than  F"  (16),  the 
attack  of  F"  at  the  carbonyl -carbon  center,  to  release  the  alkoxlde 
Ion,  does  not  occur  with  this  group  of  ester  compounds.  This  Is 
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-  HASS  SPECTRA  OF  CARBOXYLIC  ACID  ESTERS  (RCOORl 

Rel .  Int.  (*)* 
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Ions  less  than  5*  relative  Intensity  are  omitted  except  the  quasl-molecolar  Ions 
R  =  H  In  the  ethyl  formate. 


demonstrated  by  the  NICI  spectrum  of  ethyl  acetate,  since  no  m/e  45 
peak  (C2H50“)  Is  observed. 

Ions  at  m/e  26,  42  and  46,  having  very  weak  Intensities,  also 
appear  In  the  spectra  of  these  compounds.  In  addition,  a  low  Inten¬ 
sity  Ion  at  m/e  41  appears  In  the  spectrum  of  each  ester  except  that 
of  ethyl  formate.  This  Ion  probably  corresponds  to  the  ketene  anion, 
~HCxCs0  *  HCsC-Cf ,  (15),  which  Is  rather  commonly  observed  from 
oxygen-containing  compounds.  The  ion  at  m/e  61  in  the  spectra  of 
ethyl  acetate  and  Isopropyl  acetate  is  quite  puzzling.  It  Is  possible 
that  this  ion  Is  "CH2C0F.  Two  possible  mechanisms  can  be  conceived 
for  Its  formation.  One  mechanism  would  involve  nucleophilic  attack 
of  F"  on  the  carbonyl  carbon,  resulting  In  displacement  of  the  alkoxide 
ion,  yielding  an  acyl  fluoride  compound  (CH3C0F),  followed  by  abstraction 
of  an  alpha  hydrogen  by  F”.  Another  possible  mechanism  would  involve 
addition  of  an  HF  molecule  to  the  ketene  anion.  As  mentioned  above, 
nucleophilic  displacement  reactions  Involving  attach  of  F"  at  the 
carbonyl  carbon  apparently  do  not  occur  with  esters.  Therefore,  the 
first  mechanism  Is  not  probable.  Other  minor  Ions  observed  In  the 
spectra  shown  in  Table  7  are  again  likely  due  to  Impurities. 

3.  Ketones  and  Aldehydes. 

The  F"  NICI  mass  spectra  of  acetone,  2-hexanone,  4-neptanone, 
2,5-hexadlone  and  cyclopentanone  are  shown  In  Table  8.  It  Is  seen  that 
the  Ion  Is  the  predominant  Ion  for  all  compounds  of  this  type 

which  were  examined.  The  mechanism  of  formation  likely  Involves  abstrac¬ 
tion  of  the  active  alpha  hydrogen  In  each  of  these  compounds.  In 
addition,  (M  +  F)“  Ions,  In  varying  relative  abundances  (1.2  -  22%), 


-  NIC!  MASS  SPECTRA  OF  KETONES  (RCOR*) 
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ions  less  than  5S  relative  Intensity  are  emitted  except  the  quasl-molecelar  lens 


are  also  observed  In  the  spectra.  These  probably  are  formed  by  way 
of  tetrahedral  Intermediates  resulting  from  the  attack  of  the  F“  Ion 
at  the  carbonyl  carbon,  this  being  a  typical  reaction  of  ketones  and 
aldehydes  (17).  The  molecular  anion  M“  is  also  detected  in  the 
spectra  of  these  compounds,  but  in  very  weak  Intensity.  This  ion 
probably  results  from  resonance  electron  capture  by  the  molecule. 

An  Ion  at  m/e  26,  apparently  CN“,  is  also  observed  in  each  of  the 
ketone  spectra. 

Similar  to  the  ketones,  the  F"  NICI  mass  spectra  of  aldehydes. 
Including  acetaldehyde,  propionaldehyde  and  2-ethyl butyraldehyde,  are 
all  characterized  by  an  intense  (M  -  1)"  ion,  as  shown  in  Table  9. 
Undoubtedly,  the  reaction  mechanism  in  these  cases  also  involves 
abstraction  of  an  active  alpha  hydrogen  from  the  molecule.  The 
(M  +  F)“  Ion  is  also  a  prominent  species  in  the  spectra  of  this  group 
of  compounds,  and  again,  formation  of  these  ions  probably  involves  a 
tetrahedral  intermediate.  Analytically  insignificant  ions,  such  as 
m/e  26,  39,  42,  and  59,  ore  all  present  in  quite  high  concentrations. 

4.  Aliphatic  Alcohols 

The  F"  NICI  mass  spectra  of  n-butanol,  iso-butanol  and  tert-amyl 
alcohol  are  shown  in  Table  10.  All  of  these  compounds  exhibit  sig¬ 
nificant  (M  +  F)"  ions.  In  contrast  to  the  compounds  previously 
discussed,  however,  aliphatic  alcohols  show  no  (M  -  1)“  ion  in  their 
F~  NICI  spectra.  This  is  likely  attributable  to  the  fact  that 
aliphatic  alcohols  are  very  weak  acids,  and  thus  It  is  relatively 
difficult  to  remove  a  proton  from  the  -OH  group. 

As  discussed  earlier,  t.he  reactions  of  F"  <v1  th  the  sample  molecule 
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-  MCI  MASS  SPECTRA  OF  ALDEHYDES  (RCHQ 
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Ions  less  than  51  relative  Intensity  are  omitted  except  the  quasl-molecl.r  Ions 


NIC!  HASS  SPECTRA  OF  ALIPHATIC  ALCOHOLS  (ROH 
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are  In  competition  with  reactions  of  this  Ion  with  HF.  It  is  evident 
from  the  data  In  Table  10,  that  In  the  case  of  the  alcohols,  formation 
of  F‘(HF)  Is  more  favorable  than  the  formation  of  the  (M  +  F)”  ion. 
However,  F”  NICI  may  be  useful  In  distinguishing  structural  isomers 
of  the  alcohols.  As  can  be  seen  by  comparing  the  spectra  of  n-butanol 
and  Iso-butanol,  the  relative  Intensities  of  the  (M  +  F)“  Ion  in  the 
two  spectra  are  markedly  different. 

5.  Alkyl  Chlorides  and  Haloben2enes 

The  F”  NICI  mass  spectra  of  carbon  tetrachloride,  chloroform, 
methylene  chloride  and  1-chlorobutane  are  shown  In  Table  11.  All  of 
these  compounds  exhibit  Intense  m/e  35  and  37  peaks,  which  correspond 
to  the  two  Isotopes  of  Cl”.  Formation  of  these  Ions  apparently  occurs 
via  blmolecular  nucleophilic  substitution  reactions.  The  observation 
of  prominent  Cl"  product  Ions  from  these  reactions  supports  the  con¬ 
clusion  that  the  nucleophll Iclty  of  F"  Is  greater  than  that  of  Cl”  In 
the  gas  phase  (16). 

Since  F"  Is  a  stronger  Lewis  base  than  Cl”,  It  Is  also  possible 
for  F”  to  abstract  a  chloronlum  Ion,  Cl+,  from  the  CC14  molecule  to 
form  a  CC1 3  Ion,  although  this  product  is  formed  in  relatively  small 
amounts  (1.4%  relative  Intensity  at  m/e  117).  The  characteristic 
chlorine  Isotope  ratio  leads  to  the  observation  of  CC13”  Ions  at  m/e  117, 
119  and  121,  In  the  Intensity  ratio,  3:3:1,  which  confirms  the  Identity 
of  this  Ion. 

In  the  F"  NICI  mass  spectrum  of  chloroform  (CHC13),  an  intense 
CC1 3  ion  Is  also  observed  (about  73.4%  relative  Intensity  at  m/e  117). 
This  Is  consistent  with  the  expectations  of  the  "Inductive"  effect  In 
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this  molecule.  Chloroform  contains  three  equivalent  chlorine  atoms 
located  at  the  methane  carbon  center,  and  since  chlorine  is  an 
electron-withdrawing  substltuunt,  the  presence  of  these  serves  to 
pull  the  electron  pair,  shared  by  the  carbon  and  hydrogen  atoms,  away 
from  the  hydrogen.  This  enhances  the  probability  of  a  proton  being 
released  from  the  molecule  upon  reaction  with  F".  In  methylene  chloride, 
the  formation  of  the  observed  (M  -  1)~  ion  can  be  attributed  to  a 
similar  mechanism.  In  the  latter  case,  however,  the  molecule  contains 
only  two  chlorine  atoms,  and  so  the  Inductive  effect  should  be  reduced 
substantially,  and  only  a  very  weak  (M  -  1)~  ion  Is  observed  (about 
0.3%  relative  Intensity). 

Other  weak  intensity  ions,  such  as  the  isotopic  groups  beginning 
with  m/e  70  in  the  spectra  of  both  chloroform  and  methylene  chloride, 
and  with  m/e  105  and  117  in  the  spectrum  of  methylene  chloride,  are 
also  observed.  These  Ions  are  assumed  to  be  Cl2",  Cl3”  and  CKC13“, 
respectively,  and  are  probably  produced  in  subsequent  reactions  of  the 
chloride  ion.  However,  the  1-chlorobutane  spectrum  shows  no  signifi¬ 
cant  ions  other  than  Cl". 

Ions  at  m/e  55  and  57,  which  presumably  correspond  to  the  two 
isotopic  Ions  having  the  structure,  (HF)Cl',  are  observed  in  all  of 
the  spectra  listed  in  Table  11,  except  that  of  carbon  tetrachloride. 

This  again  suggests  that  the  HF  molecule,  which  Is  observed  to  cluster 
with  ions  in  many  of  the  F“  NICI  spectra,  Is  directly  derived  from 
sample  molecules  which  contain  hydrogen. 

Cl”  Is  observed  to  be  the  most  abundant  Ion  In  the  F~  NICI  spectra 
of  chlorobenzene  and  2-chlorophenol .  Similarly,  Br*  Is  the  most 
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abundant  Ion  In  the  spec  urn  of  bromobenzene.  The  8r~  Ion  Is 

easily  Identified  by  the  presence  of  the  two  Isotopic  peaks  at 

m/e  79  and  81,  which  are  approximately  equal  in  intensity.  Formation 

of  the  halide  ions  can  also  be  visualized  as  occurring  by  a  mechanism 

which  Involves  the  attack  of  a  nucleophilic  reagent  upon  the  ring 

to  form  a  carbonlon  Intermediate,  followed  by  ejection  of  the  halide  ion. 

F~  NIC!  mass  spectrometry  offers  no  apparent  advantages  for 
either  analysis  or  structural  determinations  of  aliphatic  or  aromatic 
halides,  since  the  spectra  of  all  such  compounds  studied  here  exhibit 
halide  ion  as  the  only  Intense  product. 

6.  2-Chlorophenol  and  Sal Icyl aldehyde. 

The  r  NICI  mass  spectra  of  2-chlorophenol  and  sallcylaldehyde 
were  Investigated  during  this  study.  As  shown  in  Table  12,  the 
spectrum  of  2-chlorophenol  exhibits  mainly  Cl'  Ion  and  a  smaller 
Intensity  of  (M  -  1)"  Ion.  Sallcylaldehyde  also  shows  an  Intense 
(M  -  1)"  Ion.  Since  phenols  are  rather  strong  acids.  It  Is  relatively 
easy  for  the  F"  reactant  to  abstract  a  proton  from  the  hydroxyl  group 
of  these  compounds,  yielding  stable  phenoxide  Ions  (ArO").  Since  the 
2-chlorophenol  molecule  contains  an  active  hydrogen  atom  In  the 
hydroxyl  group.  It  would  be  expected  to  complex  readily  with  the  F" 
ion  to  form  a  (M  +  F)“  product.  However,  while  an  abundant  (M  +  F)" 

Ion  appears  In  the  spectrum  of  sallcylaldehyde,  no  such  Ion  Is 
detected  In  the  2-chlorophenol  spectrum,  This  may  Indicate  that  pro¬ 
duction  of  the  Cl"  Ion  Is  klnetlcally  favored  over  the  addition  reaction. 
At  fairly  high  source  pressures  the  (M  -  1)"  Ion  clusters  with  another 
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molecule  of  sallcylaldehyde  to  form  the  (2M-1)'  ion. 

7.  Nitriles. 

The  F"  NICI  mass  spectra  of  acetonitrile,  propionitrile  and 
benzonitrile  are  shown  in  Table  13.  The  spectra  of  all  nitriles 
studied  here  are  dominated  by  a  very  intense  CN’  ion  peak  (m/e  26). 

The  spectrum  of  acetonitrile  exhibits  an  (M  -  1)“  ion  as  the 
major  peak.  This  can  be  reasonably  explained  by  the  fact  that  the 
cyano  group  (CN)  is  a  strongly  electron-withdrawing  group,  which 
can  readily  activate  the  hydrogen  atoms  attached  to  the  adjacent 
carbon  atom  (alpha  hydrogen).  The  reaction  of  the  F"  ion  with  this 
molecule  in  the  gas  phase  thus  results  in  abstraction  of  a  proton, 
yielding  a  carbonion,  which  can  be  stabilized  by  electron  delocali¬ 
zation.  Since  benzonitrile  does  not  contain  an  alpha  hydrogen,  no 
significant  (M  -  1)“  ion  Is  observed  in  Its  spectrum.  Strangely, 
the  (M  -  1)"  ion  is  also  absent  In  the  spectrum  of  propionitrile, 
although  It  does  contain  an  alpha  hydrogen.  Possibly,  this  Is  ex¬ 
plained  by  the  electron-donating  Inductive  effect  of  the  methyl  group, 
which  reduces  the  residual  electron  affinity  of  the  alpha  carbon  atom, 
and  thus  makes  removal  of  the  attached  hydrogen  more  difficult. 

All  of  the  nitriles  investigated  here  exhibit  weak  (M  +  F)~  ions, 
which  are  probably  formed  by  a  mechanism  which  involves  F”  ion  attack 
on  the  carbon  center  adjacent  to  the  cyano  group.  The  F“  NICI  spectra 
of  these  compounds  also  display  a  series  of  peaks  corresponding  to 
CnN’  (n=l,3,5  and  7),  which  appear  at  m/e  26,  50,  74  and  98.  In  the 
spectrum  of  acetonitrile,  only  the  peak  at  m/e  26  is  observed.  The 
propionitrile  spectrum  shows  both  CN’  and  C3N",  at  m/e  26  and  50, 
respectively.  In  the  spectrum  of  benzonitrile,  all  four  peaks  at 
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m/e  26,  50,  74  and  98  are  present.  These  Ions  were  also  observed  by 
Alpln  eL  al  (15)  In  their  study  of  the  negative  Ion  mass  spectra  of 
these  compounds  produced  by  electron  Impact. 

8.  Nitrobenzene. 

The  F"  NICI  mass  spectrum  of  nitrobenzene,  shown  In  Table  13, 

Is  dominated  by  a  very  Intense  N02"  Ion  peak.  Neither  the  (M  -  1}~ 

Ion,  nor  the  (M  +  F)’  Ion  Is  observed  in  the  spectrum  of  this  compound. 
However,  a  very  weak  molecular  anion,  M*  is  observed  (1.22  relative 
Intensity).  The  Ion  at  m/e  93  may  be  characteristic  of  this  compound, 
but  the  mechanism  of  formation  Is  not  clear. 

9.  Ethers. 

Ethers  are  very  weak  acids,  and  the  F"  NICI  mass  spectra  of 
diethyl  ether  and  isopropyl  ether,  which  appear  in  Table  14,  exhibit 
no  (M  -  1)"  Ions.  The  oxygen  in  diethyl  ether  Is  apparently  not 
sufficiently  electro-negative  to  activate  the  hydrogen  on  neighboring 
metnylene  groups,  and  so  abstraction  of  protons  from  these  groups  by 
F~  does  not  occur.  Although  a  number  of  intense  peaks  of  no  particular 
significance  are  observed  In  the  ether  spectra  (m/e  26,  42,  etc.),  the 
only  Ions  of  Interest  produced  from  these  compounds  are  those  at  m/e  45 
(possibly  C2H50")  and  m/e  43  (possibly  C3H30’).  Apparently,  these  Ions 
are  displaced  as  a  result  of  nucleophilic  attack  of  F“  at  the  methylene 
carbon.  The  ion  at  m/e  43  must  be  formed  by  loss  of  H2  from  the  C^HjO’ 
Ion,  yielding  an  allyl-type  structure  which  is  resonance  stabilized  (10). 
Similarly,  In  the  spectrum  of  Isopropyl  ether,  the  Ions  at  m/e  59  and 
57,  which  correspond  to  (CH3)2CH0’  and  CH2=C(CH3)0" ,  respectively,  are 
the  dominant  ions  in  the  spectrum.  No  (M  +  F)“  ions  were  observed  in 
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the  spectrum  of  either  ether. 


10.  Amines. 

The  F~  NICI  mass  spectra  of  diethyl  amine  and  n-butyl amine  are 
shown  In  Table  15.  Amines  are  basic,  and  so  no  (M  -  1)"  Ion  can  be 
formed  by  abstraction  of  a  proton  from  these  molecules  by  the  F”  Ion. 
The  spectre  of  the  amines  are  similar  to  those  of  the  ethers  In  that 
they  also  exhibit  several  very  Intense,  but  analytically  Insignificant 
Ions  (m/e  26,  42,  etc.).  In  contrast  to  the  ethers,  however,  no 
larger  fragment  Ions  are  observed  in  the  amine  spectra.  This  is  under¬ 
standable  because  the  amino  group  (NH2)  Is  a  stronger  nucleophile  and 
does  not  behave  as  a  good  leaving  group. 

Smlt  and  Field  (10)  suggested  that  a  possible  structure  for  the 
Ion  with  m/e  42,  which  Is  observed  In  the  spectra  of  the  amines,  Is 
CH2  -  CH2.  This  is  the  anion  comprising  the  conjugated  base  of 

:hC 

ethylenlmlne  (azlridlne).  The  mechanism  of  its  formation  Is  not  yet 
clear.  In  the  spectrum  of  diethylamine,  a  weak  (M  +  F)’  Ion,  which 
Is  probably  formed  by  hydrogen  bonding,  Is  also  observed.  However,  no 
such  Ion  was  found  In  the  spectrum  of  n-butylamine. 

11.  Hydrocarbons. 

a.  Aliphatic  alkanes  and  alkenes.  The  F"  NICI  mass  spectra 
of  n-pentane,  n-hexane,  cyclohexane,  1-octene  and  cyclohexene  are 
shown  in  Table  16.  All  of  the  aliphatic  alkanes  Investigated  here 
exhibit  weak  (M  +  F)"  ions  In  the  spectra.  The  hydrogen  atoms  In  these 
compounds  are  not  sufficiently  acidic  to  be  abstracted  by  the  F"  ion, 
and  thus  no  (M  -  1 )“  Ion  is  observed.  The  F*  NICI  spectra  of  the 
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TABLE  16  (cont. 


aliphatic  alkenes  (olefins)  show  neither  (M  -  1)"  nor  M  +  F)“ 
product  Ions  In  their  spectra. 

b.  Aromatic  hydrocarbons.  The  F"  NIC!  spectra  of  benzene, 
toluene  and  o-xylene  are  also  shown  In  Table  16.  Benzene  Is  not 
Ionized  by  F”  Ion,  which  Indicates  that  the  ring  hydrogens  are  In¬ 
sufficiently  acidic  to  be  removed  by  the  F“  Ion.  The  hydrogens  In 
the  side  chains  of  the  aromatic  hydrocarbons  examined  here  are  also 
not  sufficiently  acidic  to  facilitate  reaction,  as  Indicated  by  the 
absence  of  (M  -  1)“  Ions  In  the  spectra  of  toluene  and  o-xylene. 
However,  o-xylene  does  produce  a  very  weak  (M  +  F)"  Ion. 

CONCLUSIONS 

A  summary  of  the  major  product  Ions  observed  In  the  F*  NICI  mass 
spectra  of  various  types  of  organic  compounds  studied  In  the  present 
Investigation  Is  given  In  Table  17.  The  ability  to  generate  Intense 
quasl-rnolecular  anions,  such  as  (M  -  1)“,  and/or  (M  +  F)~  Ions,  from 
a  variety  of  organic  compounds,  as  was  demonstrated  to  be  possible  In 
the  present  experiments,  Is  certainly  of  value  for  analytical  appli¬ 
cations.  The  product  Ions  resulting  from  nucleophilic  displacement 
reactions  of  F~  are,  obviously,  of  less  analytical  value,  owing  to 
their  lower  masses.  Some  of  the  compounds,  examined  here,  such  as 
carboxylic  acids,  phenols,  aldehydes  and  alcohols,  exhibit  both  quasl- 
molecular  anions,  (M  -  1)",  as  well  as  (M  +  F)“  products,  In  their  F" 
NICI  mass  spectra,  and  thus  two  Ionic  products  are  available  which 
Indicate  the  molecular  weight  of  the  sample  species. 

F’  NICI  mass  spectrometry  is  also  potentially  applicable  for 
distinguishing  chemically  similar  compounds,  such  as  isomers,  as  was 
demonstrated  In  the  case  of  n-butanol  and  iso-butanol  In  the  present 
experiments.  For  at  least  some  types  of  compounds  with  multiple 
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TABLE  17 


MAJOR  IONS  IN  THE  F~  NICI  SPECTRA  OF  VARIOUS  CLASSES  OF  COMPOUNDS 


Major  Product  Ion 

Compound  Type 

(M  -  if 

Carboxylic  Acids 
Ketones 

Aldehydes 

Phenols 

(M  +  Ff 

Aliphatic  Alcohols 
Aliphatic  Alkanes 
Cycloalkanes 

(CN)” 

Nitriles 

(NO  )" 

Nitrobenzene 

X" 

Halogenated  Molecules 

RO" 

Ethers 

RCOO" 

Carboxylic  Acid  Esters 

None 

Amines 

Olefins 

Aromatic  Compounds 
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functional  groups,  the  F"  NIC!  mass  spectra  show  peaks  characteristic 
of  both  groups.  For  example,  for  2-chlorophenol ,  which  contains  both 
chloro-  and  hydroxy-  groups,  the  F"  NICI  spectrum  exhibits  Cl*  Ion, 
and  an  (M  -  1)*  Ion. 

It.  seems  clear  that  F*  NICI  is  a  useful  technique  which  Is  com¬ 
plementary  to  positive  ion  Cl  and  electron  impact  mass  spectrometry. 

F*  NICI  mass  spectrometry  also  appears  to  offer  several  advantages 
over  NICI  mass  spectrometry  using  other  reagent  Ions.  Among  these 
advantages  are: 

a)  Some  aliphatic  alkanes  exhibit  small  but  measurable  (M  +  F)~ 
ions  In  their  F*  NICI  mass  spectra,  while  these  compounds  are 
generally  unreactive  with  all  other  NICI  reagent  Ions  for  which 
studies  have  been  reported  thus  far;  b)  Since  the  F"  Ion  has 
only  one  Isotope  of  significant  natural  abundance,  F"  NICI  mass 
spectrometry  yields  a  much  simpler  and  more  easily  recognizable 
spectral  pattern  than  that  produced  by  reagent  Ions  such  as  Cl*. 

The  (M  +  F}“  Ion  can  be  readily  Identified  since  it  differs  in 
mass  by  19  amu  from  other  ions  In  the  region  of  the  molecular 
Ion.  With  other  typically  used  NICI  reactant  Ions,  product  species 
formed  by  electron  and/or  ion  attachment  processes  may  sometimes 
Interfere  with  those  produced  by  chemical  Ionization;  c)  In  02* 

NICI  mass  spectrometry,  02”  will  not  react  with  weaker  gas-phase 
acids  such  as  phenol,  chlorophenols  ar.d  dlchlorophenols.  The 
Ionization  of  these  compounds  by  proton  transfer  reactions  with 
the  F*  Ion  to  form  (M  -  1)~  ions  occurs  readily  In  F"  NICI  mass 
spectrometry;  and  finally,  d)  F"  NICI  mass  spectrometry  Is  con- 


slderably  more  sensitive  than  Cl’  NICI  mass  spectrometry  for 
some  organic  compounds,  such  as  aldehydes  and  ketones. 

Investigations  are  currently  in  progress  in  our  laboratory  to 
determine  the  applicability  of  F”  NICI  mass  spectrometry  for  the 
analyses  of  more  complex  molecules,  including  various  pesticides, 
drugs,  and  hydrocarbon  mixtures. 
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